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A Simple Method for Solving 
Three-Dimensional Inverse 
Problems of Turbomachine Flow 
and the Annular Constraint 
Condition 


in 1950, Wu [/\ suggested that the three-dimensional inverse (design) problem of 
turbomachine flow may be solved approximately by a Taylor series expansion in the 
circumferential direction based on the known flow variation over an S» stream 
surface in the midchannel of the blade passage. This idea has been realized recently. 
A new coordinate transformation has been developed. The coordinate surfaces are 
coincident with the S; stream surfaces. This transformation leads to a new method 
to calculate the aerodynamic equations of three-dimensional fiow. By the use of this 
transformation, a high-order expansion is realized to determine the shape af the 
biade surfaces from the fluid state on the S>,, stream surface directly, Compuiation 
in this manner Soon leads to the discovery that theoretically the distribution of flow 
Parameter (usually Var) on S;,, prescribed by the designer should satisfy a con- 
straint condition, which guarantees that the S, stream surfaces along the hub and 
shroud obtained from circumferential extension of the S2,, surface are surfaces of 


revolution. An approximate method is suggested to meet this condition. 


Introduction 


In 1950, a general theory of three-dimensional compressible 
flow in turbomachines based on the flow on two intersecting 
families of relative stream surfaces was presented [1]. The 
basic computation 1s that of the flow variation on the blade- 
to-blade S, stream surface or hub-to-tip S, stream surface 
(Fig. 1). Early computation methods [2-4] have been further 
developed and improved by expressing the basic equations in 
terms of nonorthogonal curvilinear coordinate system and 
corresponding nonorthogonal velocity components. 

In general a complete three-dimensional solution is to be 
obtained by an iterative procedure between the two basic 
computations of 5, and §,. In cases, where the §, stream 
surfaces may be taken as surfaces of revolution, only one S, 
surface, which is usually chosen in the middle of the flow 
channel formed two neighbouring blades, is needed. The flow 
on the S, surfaces of revolution, which are generated by the 
streamlines on the S,,,, surface, may be solved accurately by 
the field method (for example, [3~7]}, or by the approximate, 
but much quicker, mean-streamline, series-expansion method 
(for example, early work [9, i0] and recent improvement 
[f1-13}}. The solution thus obtained is called quasi-three- 
dimensional solution. 

in cases where the assumption that S, surfaces are surfaces 
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of revolution is not good enough, it is necessary to compute 
flow on general S, surfaces and a number of general S, 
surfaces, and solution for axial compressor by finite dif- 
ference method and for centrifugal compressor by finite 
element method have been obtained according to this 
procedure. More solutions obtained by this method would 
define whether the area within quasi three-dimensiona! flow is 
accurate enough for engineering application. Full three- 
dimensional solution of turbomachine flow may also be 





Fig.1 Two isospace families In three-dimensional space 
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obtained without assuming that S, surfaces are surfaces of 
revolution namely determination by the use of Taylor series 
expansions, and the circumferential derivatives in the series 
are calculated from known values on the S,,,, surface. 

This procedure is different from the two-dimensional, 
mean-streamline, series-expansion method in two important 
respects. First, the circumference derivatives are to be 
calculated from flow variation along one coordinate line other 
than in the circumferential coordinate line but also from the 
flow variation along the fluid coordinate as well. Second, the 
successive S, surfaces in the circumferential directions cannol 
be determined simply by a mass balance on the surface of 
revolution as in the two-dimension case. This type of three- 
dimensional solution was first obtained in [19, 20]. A three- 
dimensional flow field can be obtained very quickly. 

Being an approximate method, the method may be limited 
to a range of value of flow configuration and design 
parameters. It should be very useful in analyzing the nature of 
three-dimensional flow corresponding to certain flow 
parameters and geometrical configurations, and especially, in 
a preliminary three-dimensional design blades of tur- 
bomachines. 


Determination of the Shape of S,,, and the Flow Along 
Som 


The §;,, calculation is the same as that in a quasi three- 
dimensional design procedure. The hub and casing wall 
contours and the projection of the S;,,, surface are specified by 
the designer, The variation of the anguiar momentum of the 
fluid about the machine axis (V,r) along the S;,, surface and 
the circumferential thickness of the S,,,. surface are also 
specified by the designer. (The latter is to be obtained em- 
pirically from a desirable thickness distribution of the blade to 
be designed). Calculation of §,,, flow gives the shape of the 
So», surface, the streamline distribution on the 5;,, surface, 
and the variation of ail flow properties on the $3,.. 


The Partial Derives of Flow Quantities in Nonor- 
thogonal Curvilinear Coordinates 


The flow properties at a point in the flow passage can be 


Nomenclature 





basic metric tensor 

Jacobian composed of a,; 

integrating factor in the continuity equation 
for S, stream surfaces 

nonzero term om the right-hand side of the 
continuity equation for S$. stream surface 
values of stream function’s on isospace of S, 
family 

values of stream function’s on isospace of 8, 
family 

= enthalpy per unit mass of fluid 
relative stagnation rsothalpy, 
U?/2)+ W?/2 

station along x’ coordinate lines 
station along x* coordinate lines 
distance along streamline 

any fluid quantity 

relative cylindrical coordinates 
angular momentum of fluid about axis of 
rotation 

relative velocity 

we contravariant component of W 

covariant component of W 
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obtained from the known values on the S;,,, surface by Taylor 
series expansion as follows 


(y-¢n)° 


5 Fm) (1) 


He) = Pn) +E — Onde (Cy + 
. ee 


In [5], the vorticities and continuity equations were ex- 
pressed as fallows 
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When the flow is isentropic and irrotational, the first and 
second derivative of W', W?, HW’, with respect to ~ can be 
obtained in a manner similar to that used in [1] as follows (for 
details, see Appendix A): 
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W' = physical component of W tangent to x 
é = time 
x! .x*,.x* = general nonorthogonal coordinates 
k = ratio of specific heats 
%, = angle included by the coordinate lines x’ and 


xi 


£€ = absolute vorticity, V x ¥ 
&.4,y = nonorthogonal coordinate system 

p = gas density 

yY = stream function 

© = angular velocity of blade 
Subscripts 

c = casing 

A = hub 

i = inlet 

m = mean (midchannel) 

nH = component in the direction norma! to hub or 

casing 

p = pressure surface of blade 

s = suction surface of blade 
Superscripts 


vy = number of 5, sheets in S, family 
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dp _ oe 142 a2 
5 = GE & 5, OW)? + (0) 

—2(oW' ioW? yoos6 a] +(oW,,)?} | 6) 
The Annular Constraini 


It is shown in {21}, when the integrability condition is 
considered in blade design, the flow variation a designer is 
free to specify is stream filament thickness, in addition to the 
variation of the thickness only one aerothermodynamic 
relation on the S;,, may be specified, which is usually the 
variation of Vr. 

New computations by equation {1) immediately show that 
the acrothermodynamic flow quantities must satisfy 4 con- 
straint condition in order to guarantee that the S,; stream 
surfaces obtained on the casing and hub wall are surfaces of 
revolution. The velocity component normal to hub or shroud 
(W,,) should be equal to 0 to satisfy the solid wall boundary 
condition. As the same as other fluid properties, the MW’, 
should be obtained from the known values on the 5;,, surface 
by Taylor series expansion 


aw’, 
W,, (Pac — ae (¢,,) + (= Py) ae (Sm) 
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On the S,,,, surface 


Wy, (Ondns =0, (8) 


Thus all orders of partial derivatives of W’, on S3,, with 
respect to ¢ at the hub and casing should be equal to Q, 
satisfying the solid wall condition. As a first-order ap- 
proximation, the first partial derivative should be equai to 
zero. In nonorthogonal curvilinear coordinate this relation is 


a ae 
= (9) 
Gp Ireswy 





By adjusting the variation of Vr on S3,, in the vicinity of hub 
and casing wall, the values of d(V,r)/dx? can easily be 
modified to satisfy equations (6). This method obtained 
through our numerical caljculations is similar to the con- 
clusion reached in [22]. Table shows variations of aH’ /d¢g 
and V,r at the hub and casing boundaries on S;,, in our 
numerical caiculation. 


Determination of the Blade Shape 


Determination of the blade shape ts the key part of this 
three-dimensional, mean-streamsurface method. The blade 
shape cannot be determined only by the mass flow relation on 
a surface of revolution as in the two-dimensional mean- 
streamline method. The following function proposed in [23] is 
used in [24] to describe the flow on the two intersecting 
families of S,; and 5, surfaces in a three-dimensional tur- 
bomachine flow passage (see Fig. 1). 


Vii xX V¥r=oW (10) 
Y= 0,00 0c) =D,,E, 7 a 

Y2 = oo" xx y= D,, 8; eae 
where,,£,,....+. Da Py ee eo % om x are values of stream 


dW? /dy before adjustment 


m/s 
K/J 0 1 Z 3 4 § 6 7 
11 13£.3 114.9 ba — 6.0 — 28.9 —-42.0 -12.1 251.0 
10 Tied 81,1 4,8 -6,} -— 17.3 — 13.3 — 9.6 18L.9 
Z 34.8 32.4 199.2 163.9 145.4 112.2 30.5 —2838.8 
1 — 39.6 15.0 216.5 173.6 170.5 127.9 31.3 —252,7 
dW /dp after adjustment ai 
K/J 0 I Z 3 4 a 6 7 

11 (0.03 0.04 0.05 0.01 — 0.04 - 0.03 0.06 0.08 

10 338 41.2 —21.0 -— 15.0 — 16.6 — 10.0 — 8,0 0.7 

2 26.8 —2.8 66.1 68.7 72.4 69.7 29.2 §.3 

1 —1.i —3.2 —3.5 —2.3 0.2 2.4 1.4 ~0.1 
Y,. before adjustment site 

K/J Q 1 f 3 4 5 6 7 
11 39.5 37.5 26.9 16.6 8.0 2.1 —0.6 G.0 
10 37.6 35.6 25.8 16.G 79 2.0 — 0.6 0.0 
2 35.0 35.9 22.8 13.9 6.9 1.3 —(0.5 0.0 
1 35.0 36.6 no 13.3 6.4 0.8 —0.7 0.0 
V,, after adjustment az 

K/J p 1 z 4 4 5 6 7 
| 38.0 36,2 26,7 16.6 8.3 2.5 — 0.6 0.0 
EO 37.6 35.6 25.8 16.0 7.9 2.3 — 0.7 0.0 
fs 34.0 45.9 22.8 13.9 6.9 1.3 ~ 0.4 0.0 
1 35.6 36.1 Zaut 14.6 8. ] ie 0.2 0.2 
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Fig.2 Family of So surface and intersection with inlet plane Z; 


functions on these stream surfaces. In the three-dimensiona! 
space, the distribution of these streamsurfaces is restricted by 
the boundaries of the flow passage as follows: 


i Hub and casing walls are two stream surfaces of ihe $, 
family, 

2 Pressure and suction surfaces of the blade are two stream 
surfaces of the $, family. 


From the known S,,, surface a family of S. surfaces wilk be 
formed {see next section}. In this family, two surfaces are the 
pressure surface and suction surface of two neighbouring 
biades, respectively, and S;,, divides the total mass flow 
through the channel into suitable proportions. 


Forming S, Family by Progressing Circumferentially 
from S;,, 


Similar to the two-dimensional mean-streamline method, 
the » coordinate of S, surface can be obtained by the use of a 
serics expansion trom S,,, as follows 


ap 
Ap=e— m — Ya by n( =~ | 
p=p—~,, =(Y.— YP») ap? m 


+ 5s ~ Yan) ( 2) Foe see. At2) 


3}} 
where ¢ ts the circumferential coordinate of any S$; surface 
and y. 1s the valuc of stream function of that S. surface. 
The integrating factor 8 of [i] is now expressed as follows 
(see Fig. 2) 





B/B,= Ae/ Ag; (13) 
DnB ding dinB 

= yr _——_ 14 

Dp ag 7! ax! 4) 


The inlet plane Z; is usually sufficiently far upstream of the 
blade row, where the flow can be considered to be uniform. 
The intersection of the family of 5S, surface with this Z,-plane 
is a family of curves. The variation of the stream function of 
two adjacent S, surfaces is the mass flow passing through the 
small area between the two adjacent curves (shaded area in 
Fig. 2). Then the variation of ¥, can be determined in the inlet 
plane Z, as foliows 


Ay. =(e WAA); =[p Wr? -— r2)Agl, (15) 
From equations (8) and (10) 
B/B,; = Ag/ Ag; = Ag/ Ay, (16) 


When Ay. approaches © as a limit, B/B; becomes the first 
derivative of ¢ with respect to ¥. Using first-order ex- 
pansion, the ¥ of S, surface can be determined siep by step as 
follows 


296/ Vol. 107, APRIL 1985 





Fig.3 Family of So surface formed progressiveiy from Sz.) 
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Fig.4 Transformation of coordinates 
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When the y-coordinate of (v + 1)th 8, surface is obtained, the 


fluid properties W', W*, and p on the S\'""! surface can be 
determined by power series from S:,, 


demo") — etm (us van SF) + (di! vB)" U7 


| aw! 
Ww! (p)= Ww! {2 ,7) +{yp- Cad be (Pr) 


(g— ny a7 wy! 
2 Xr 


etc. Subsequently, equation (14) gives (B/B;)'""'| and the 
position of the next S, surface can be determined. This 
method may be called streamsurface extension method. A 
more accurate method is introduced in the next section. 

Coordinate Transformation and Direct Expansion 


Method 


In computation of the flow along the S;,, stream, the 
meridional plane is usuaily taken as the coordinate surface. 
The coordinate system is (x', x?, ¢)}. The coordinate 


transformation is as follows 
£=x(r,z) 
9 = X(7,Z) 
Yo = v2.9.2) 


The surfaces of revolution obtained by rotating around z- 
axis with the x' and x? curves, and the S;,, stream surfaces are 
the new coordinate surfaces. The following relations may be 
obtained directly 





(Pr) (18) 
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-§ ~4 -2 Q@ 2 4 
Fig.5 Meridional projection of So,, 
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where a bold partial derivative sign is used ta denote the 
partial derivative of a quantity following the motion along 
S>,, with respect to x! or x* on the meridional plane. The w', 
w?, w', w are used to represent the contravariant com- 
ponents of W in (x!, x*, #) or (&, 9, ¥2) system, respectively. 
The derivatives of W', W?, W,,, and %, with respect to ¥2 can 
be obtained, The details are shown in Appendix B. Dif- 
ferentiating the relation (14) with respect to %, and combining 
with relations (21) determines the first derivative of the 
angular thickness 2 with respect to 1, 


ad —-l¢ 1 d _ acy! 
D (mB) V6 LT 8 (5 singe MO) 








Di OY, pP Wa dx! Jv2 
2 /-—. . oh~) dow!) anB 1 
+ axe (Veusinéar ay | i, 28 a 
a(aW*) ainB 1 
ay, ax? ae} m7) 


The ¢ coordinate of any 5, surface, especially those of the 
suction Or pressure surface of the two neighboring blades, can 
be obtained directly from S>,, by 4 power series expansion 


l aB 
PF Py, + (v2 _ V2 IB m, T, 9 (v2 — Yam)” ( By. ), 


+E 1—Von!* (FF), 


The fluid properties W?, W?, and p on the suction or pressure 
surface can then be obtained by Taylor series 


on 
W* (Yas) = Wham) + vas — bam) a (Yon) 


(24) 
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Fig.6 Distribution of ¥ qr in front of the stator 
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Fig.? Oistribution of thickness 


The distribution of S, stream function y¥; in the flow passage 
can also be obtained by Taylor series, determines the shape of 
S, surfaces. This direct expansion method is more accurate 
than the streamsurface extension method described in the 
preceding section. 


Hlustrative Example 


FORTRAN IV programs based on the two methods 
presented herein have been coded to study the three- 
dimensional flow in axial turbomachines. The blade shape, 
the distribution of $, and S, surfaces, and the fluid properties 
in the flow passage can be obtained in less than a minute on 4 
UNIVAC-1100 computer. 

Example 1. The stator of a single-stage CAS research 
compressor reported in [16]. The mass flow is 61 kg/s, the 
rotor tip M is 1.4, the stage total-pressure ratio is 1.5, The 
hub-tip ratio at stator inlet is 0.49, the number of stator 
blades is 37. The projection of S,,, and its streamline 
distribution on the meridional plane is shown in Fig. 5. The 
specified radial variation of grin front of the stator is shown 
in Fig. 6. Figure 7 shows the blade thickness distribution 
specified. The blade shape and distribution of velocity on the 
k=:7 coordinate surface obtained by the two methods are 
shown in Fig. 8. The difference between the two is small. A 
comparison of Mach number distribution with that obtained 
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in the full three-dimensiona! solution [17] ts shown in Fig. 9. 
Except near the leading edge, the result obtained from the 
present method is close to that of the three-dimensional 
solution. The relative twist of §, surfaces at the suction 
surface (J = 4) is shown in Fig. 10. Rm ts the value of X on the 
S.,, surface of the same S$, surface. (2 is the local value to the 
point J=4, k=1,... 11.) It is seen that largest AR/R occurs 
a short distance from the hub wall and the maximum dif- 
ference between the present solution and the full three- 
dimensional solution also occurs there. It may be noted that 
the maximum relative twist is rather smali, being [css than 1 
percent. 

Example 2. A turbine rotor. The mass flow is 2.2 kg/s, the 
expansion ralio is 1.4, the rotor speed is 16,000 rpm, the 
number of blades is 60, and the hub-tip ratio is 0.66. The 
meridional projection of S,,, and its distribution of streamline 
are shown in Fig. 11. The blade shape and the circumferential 
variation of velocity on k=3 coordinate surface obtained in 
ihe direct expansion method are shown in Fig. 12. The in- 
iersections of the /=3, 4, 5 coordinate surfaces with the S, 
surface and S, surface are shown in Fig. 13. The direction of 
twist of the §, surface is basically consistent with the con- 
clusion reached in [22]; i.¢., under most conditions, the $, 
surfaces twist upward at the suction surface in the turbine 
Stator and inward in the turbine rotor. As this turbine is 
designed for radially nonuniform work output so that the 
twist involved is relatively large, but is still under 2 percent. 


Concluding Remarks 
1 In prescribing a desired flow variation on the midchannel 
hub to tip S;,, streamsurface in three-dimensional blade 
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250 -—— Stream Surface Extension 
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Fig.8 Blade shape and distribution of Won K =7 coordinate surface 
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—oO— COMPLETE 3D SOLUTION 


design, it should be noted that prescribed variation should 
satisfy a constraint condition in order that the resulting blade 
to blade S, flow surfaces along the hub and casing walls are 
surtaces of revolution. 

2 A new coordinate transformation, in which the S, 
stream-surface is taken as a coordinate surfaces, leads to a 
new method for calculating partial derivatives of flow 
variables with respect to the stream function of S$ surface. 
High-order derivatives can be obtained, and consequently 
high-order series expansion can be used to compute the three- 
dimensional flow ficld. 

3 This three-dimensional mean-streamsurface series ex- 
pansion method is different from the two-dimensional mean- 
streamline series expansion method in thai the known flow 
variations along two general curvilinear coordinates on the 
mean streamsurfacc are now used to compute the cir- 
cumferential derivatives of the flow variables. Based on the 
three-dimensional flow field obtained by series expansion, the 
blade shape corresponding to a mass flow rate passing 
through the three-dimensional blade channel can be deter- 
mined. The blade to blade surfaces obtained in the solution 
between (and not including} the hub wall and casing wall are 
general S, streamsurfaces, and twists of these S,; surfaces are 
readily available in the calculation. 

4 Two illustrative examples indicate that the method for 
solving the inverse problem of three-dimensional flaw by the 
use of the present method is a feasible quick approximate 
engineering method. The nature and magnitude of the twist of 
S, surface obtained in a high-subsonic, axial-flow compressor 
and a high-subsonic, axial-flow turbine are determined in the 
computation. 


—*i— PRESENT METHOD 
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Fig-9 Distribution Mach number onk=9 §, surface 


“7 SE aa O } 2 


——-b-— PRESENT MEPFHOD 


2b 36 
5 a a 3 10 


lim, cm 
11K 


Fig.10 Therelative twist quantity on the J =3 suction surface 
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2 3 4 5 64 


Fig.11 Meridional projection of S$2,, 


5 This simple, quick, approximate three-dimensional 
method should be useful to evaluate the nature and order of 
magnitude of the departure of blade-to-blade 5, surface from 
surface of revolution and in different geomeirical con- 
figurations and design specifications, the accuracy of quasi- 
three-dimensional solution as compared to full three- 
dimensional solution, and for three-dimensional blade design, 
especially where a certain three-dimensional distribution of 
blade thickness is desired. It may also be used as a three- 
dimensional analysis method by successively correcting the 
mean-streamsurface flow. This correction is similar to the 
successive correction of the mean-streamline shape in the two- 
dimensional analysis method. 
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ABSTRACT 

Design and development of propellers for submarines are 
in some ways different from propellers for surface 
vessels. The most important demand is low acoustic 
signature that has priority over propeller efficiency, and 
the submarine propeller must be optimized with respect to 
acoustics rather than efficiency. Moreover the operating 
conditions of a submarine propeller are quite different. 
These aspects are discussed as well as the weighing of the 
various propeller parameters against the design 
objectives. 


The noise generated by the propeller can be characterized 
as thrust noise due to the inhomogeneous wake field of 
the submarine, trailing-edge noise and noise caused by 
turbulence in the inflow. 


The items discussed are demonstrated in a case study 
where a propeller of the Kappel type was developed. 
Three stages of the development are presented, including 
a design of an 8-bladed propeller where the thrust 
fluctuations as well as the thrust noise were significantly 
reduced relative to a 7-bladed propeller. Results of 
measurements are in good agreement with calculations. 


Keywords 
submarine propeller, propeller acoustics, Kappel propeller, 
propeller noise. 


1 INTRODUCTION 

Design and development of propellers for submarines are 
in some ways different from propellers for surface 
vessels. The most important requirement for a submarine 
propeller is a low acoustic signature. In the design 
process the steps in the design procedure include 
estimates of speed and power and weight as the usual 
standard procedure. The main feature for the design of an 
acoustically optimised propeller is the frequent check of 
its acoustic properties. There are generally four 
conditions that must be considered: 


deep diving, turning and diving, 

periscope depth, diving and with acceleration, 
surface operation and high acceleration mode, 
wind milling, near the surface. 


The noise criteria to be considered include thrust noise at 
blade rate, trailing-edge noise, turbulence noise and 
structural noise. 


The parameters that can be varied during the design 
process are: diameter, blade number, skew and rake, 
circulation distribution (pitch and camber) and trailing 
edge geometry. For submarines there are generally fewer 
restrictions on the diameter than for normal surface ships 
and increasing diameter means decreasing specific 
propeller thrust and higher average inflow velocity. 


In the present case several designs were examined. 
Parameters varied include diameter, number of blades, 
blade shape (skew and rake and in particular tip 
geometry) and propeller turning rate. However, the paper 
focuses on the development and application of propellers 
of the Kappel type (non-planar lifting surface). Results of 
calculations, model test and full-scale tests are compared. 


2 DESIGN OBJECTIVES 

The naval submarine is a complicated vessel built to 
fulfill a multitude of conflicting requirements. Leaving 
aside the crew and weaponry contained and supported by 
the submarine, some of the objectives to be targeted by 
the overall vessel and by the propulsion system and its 
propeller are: 


e low acoustic, optical, electromagnetic, thermal 
and communication signatures, 


e large operational window with respect to 
endurance, speed and depth, 


e high manoeuvrability in surfaced and in 
particular in submerged condition, 


e best possible form and arrangement of hull and 
control surfaces to achieve a low hydrodynamic 
resistance and a smooth hull wake, 


e propeller with low excitation level with respect 
to noise and vibrations, 


e propeller totally free of cavitation with adequate 
margins, 


e propeller with high efficiency. 





Figure 1: Typical U-boat wake. Low-velocity regions can 
be seen close to the hub at 1.30 and 3 o'clock positions 
and symmetrically at the port side. A remarkable region 
of relatively high velocity is present around 12 o'clock for 
the outer radii. 


A typical submarine wake is shown in Figure 1. It can be 
seen that it differs significantly from most single-screw 
surface ship wakes being without the usual low-velocity 
region in the upper part of the propeller disk, but with 
remarkable influence of the control surfaces just upstream 
of the propeller. This, in combination with the demand for 
adequate cavitation-free margin of propeller operation 
together with the strict requirements to noise, as outlined 
in Figure 2, is a challenge for the propeller designer. 
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3 DESIGN PROCEDURE 

The design procedure of the propeller should ideally 
include feedback to the design of the submarine hull and 
its control surfaces. The progress is iterative and can be 
illustrated with the classical design spiral. A similar 
design spiral can be outlined for the propeller design, cf. 


Figure 3. It illustrates the main feature in the design 
process of an acoustical optimized propeller: the frequent 
check of the acoustics. Optimization can be achieved by 
defined parameters which can influence each other. All 
design parameters should be considered simultaneously 
as far as possible. The evaluation of a solution and its 
possible consequences for the general design is done 
under the design step designated "feedback analysis". 
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Figure 3: Design spiral for submarine propellers. 


3.1 Design matrix 

Whereas the design spiral describes the design as a 
process the objectives and parameters must be specified. 
The overall requirements to the submarine leads to 
objectives specifically related to the design of the 
propeller. These objectives are to be achieved in each of 
the operating conditions mentioned in the introduction of 
this paper. 


To meet the objectives the submarine propeller must be 
carefully optimized and balanced with respect to the 
design parameters available. Some of the implications of 
this process can be demonstrated if the objectives defined 
and the parameters available are seen as a design matrix, 
cf. Table 1. 


4 DESIGN CONSIDERATIONS 
The issues presented in the design matrix in Table 1 lead 
to a number of detailed design considerations. 


4.1 Cavitation margin 

Most surface ships experience propeller cavitation during 
normal operation. The design effort for surface ship 
propellers is therefore directed towards avoidance of 
harmful cavitation in way of erosion and towards 
moderate levels of propeller excited noise and vibration. 
However, propeller cavitation must be completely 
avoided for a submarine in submerged condition in order 
to secure the lowest possible noise signature. For this 
reason, for a submarine in submerged condition, the 
cavitation margin that determines the non-cavitating 
operating regime is very important. In general, the 
cavitation margins are defined by inception of: 


Table 1 Design matrix. Influence: X little or none, XX moderate, XXX strong. 


cavit. free range low noise and vibration level 


excita- 


cavit. cavit. 
margin, margin 
PARAMETERS ee 
orthogonal blade length 
section profile 
circulation distribution 
pitch distribution 
camber distribution 
skew 
area ratio 
area distribution 
diameter 
RPM 
blade number 
thickness ratio 
trailing edge thickness 
anti-singing edge form 


material 


e  suction-side cavitation 

e suction-side tip-vortex cavitation 
e pressure-side cavitation 

e pressure-side tip-vortex cavitation 
e hub-vortex cavitation 


Suction and pressure-side cavitation can normally be 
avoided by allowing adequate room in the classical 
cavitation bucket. This may lead to a thicker section 
profile than used for a comparable cavitating propeller of 
a surface ship. 


Tip-vortex cavitation is — apart from ambient pressure 
less vapor pressure — dependent on the vortex intensity 
and the viscosity of the fluid. In turn the vortex intensity 
depends on the gradient of circulation at the outer part of 
the propeller blade. Submarine propellers are therefore 
generally tip relieved in order to obtain sufficient margin 
against tip-vortex cavitation. This leads to a less-than- 
ideal circulation distribution with respect propeller 
efficiency. As tip-vortex cavitation is also dependent of 
viscosity a correction of the results observed in the model 
tank will have to be applied to arrive at full-scale 
expectations, for example according to McCormick. The 
formation of tip-vortex cavitation observed in model tests 
seems very dependent on local tip geometry. An 
explanation could be that the amount of boundary-layer 
material ending up in the vortex core depends on the 
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blade tip geometry. This would in turn have an effect on 
the cavitation margin as more boundary-layer material 
would increase the viscous and turbulent boundary core. 


The hub vortex consists of the combined blade root 
vortices. Similar to the tip vortex, the hub vortex is 
dependent on the circulation gradient at the blade root. 
The intensity of the hub vortex can be reduced by 
relieving the blade loading towards the root. Similar to tip 
relieving this leads to reduction in propeller efficiency. 
Alternative means to suppress hub vortex cavitation may 
be used by applying a boss cap with small lifting surfaces 
which reduces the rotation of the hub vortex core. 
Furthermore, hub vortex cavitation can be suppressed if 
the boss cap is given a form that will generate enough 
turbulence to increase the vortex core and thereby avoid 
cavitation. 


Cavitation performance for submarine propellers is 
generally illustrated in a diagram presenting the cavitation 
number oy as function of the trust loading Ky at which 
the cavitation starts to occur. This presentation is not 
directly suitable when comparing propellers where 
parameters such as propeller diameter are different. 
Instead, it is suggested to compare the relative margin 
against cavitation 100AK7/K; as a function of the 
operational depth T,, for a given speed, where Ky is the 
design value and AKy is the difference between the 
design value and the cavitation limit of Ky, cf. Figure 4. 
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Figure 4: Relative margin against cavitation, 1.e. cavitation 
starts at the deviations in thrust coefficient shown. The 
results are based on model tests without scale corrections 
for propellers 4 and 6 discussed in Section 6.2. 


4.2 Reduction of wake-induced propeller forces 

The most important parameter with respect to propeller- 
induced forces is the wake field itself which for many 
reasons should as fair as possible, be it surface ships or 
submarines. However, with a given wake field the 
number of propeller blades can probably be considered 
the most important issue. Increasing the number of 
propeller blades will reduce the unsteady force on each 
propeller blade, but not necessarily the total unsteady 
force. An example of unsteady force calculations with a 
panel method for propellers with various geometries and 
blade numbers are discussed in section 6.3. 


Increase of the propeller diameter may increase or 
decrease the unsteady forces depending on the radial 
distribution of the unsteadiness in the wake field. An 
example of variation of unsteady forces with propeller 
diameter calculated by a panel method is shown in section 
6.3. 


4.3 Skew, pitch and camber distribution 

The application of skew can reduce in particular the first- 
order thrust and torque fluctuations and improve the 
cavitation behaviour as commonly seen in surface ships. 
However, a fairly large skew angle is needed to reduce 
torque and thrust fluctuations significantly. Large skew 
angles lead to fairly complicated higher-order flexural 
modes of the propeller blades — not to mention the blade 
stresses when the propeller is going astern - for which 


reason large skew angles are often avoided in case of 
submarine propellers. 


4.4 Orthogonal 
distribution 

The circulation distribution has been discussed in 4.1 with 
respect to load relieving of tip and root in order to obtain 
sufficient margin against cavitation. However, the 
application of "non-planar lifting surfaces" (Andersen ef 
al. (2005)) changes the circulation significantly. It is no 
longer meaningful to present the circulation as a function 
of the radius, instead circulation as a function over the 
orthogonal blade length is used. This length is measured 
orthogonally to a surface of helicoidal streamlines passing 
the propeller blade. For a conventional propeller with a 
radial generator line the orthogonal blade length is that of 
the radial line independent of skew, whereas the 
orthogonal line with or without skew might be about 10 
per cent longer for the propeller with non-planar lifting 
surfaces. A typical circulation distribution for a Kappel 
propeller with non-planar lifting surfaces and a 
conventional propeller is shown in Figure 5. Note that 
gradient or derivative of the circulation distribution and 
the maximum circulation is smaller in case of the Kappel 
propeller. Both facilitate the adjustment of the load 
distribution with respect to increase of cavitation margins 
and blade-area distribution with respect to reduction of 
unsteady forces. 
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Figure 5: Spanwise circulation distribution of a 


conventional and a Kappel propeller designed for the 
same task. So is the length parameter along the orthogonal 
blade. 


5 ACOUSTICS 

The effectiveness of a submarine is highly dependent 
upon its noise signature, the special task of the boat 
giving it mainly a passive role and control function. The 
hydrodynamic flow noise dominates in particular the 
performance of the sonar system. The own noise of the 
boat correlates with the detection range, with respect to 
detecting other ships and to being detected. Three types 
of noise can be identified: 


e Thrust noise, dominating the noise level in the 
low frequency range (<100 Hz), 


e Trailing edge noise (200-1000 Hz), 


e Broad band noise (100-1000 Hz), caused by 
turbulence in the inflow. 


9.1 Thrust fluctuations 

The oscillating thrust of the propeller is probably the 
dominating acoustic source. On the other hand thrust 
fluctuations are not the only source as far as noise is 
concerned. Measurements in full scale indicate 
differences from theoretical calculations. In general, a 
reduction of thrust fluctuation by 50 per cent yields a 
reduced value for the noise level of 6dB which 
theoretically halves the detection range of the submarine. 
The acoustic level (dipole source) is proportional to the 
harmonic order m, blade-number Z, turning rate n, and 
the m-harmonic fluctuating force and consequently the 
diameter, skew and number of blades of the propeller 
must be selected with care. 
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Figure 6 Reduced noise (80 per cent reduction of thrust 


fluctuation) for the 8-bladed propeller relative to the 7- 
bladed propeller. 


This is illustrated in Figure 6 where a large reduction in 
the thrust-fluctuation noise has been obtained by 
increasing the blade number from 7 to 8. The reduction in 
thrust variation is calculated by the boundary-element 
method, cf. Table 3, and the noise predicted by the 
procedure by Ross (1986) on the basis of these results. 
These results are in accordance with measurements, cf. 
Figure 10. 


Although thrust fluctuations can be reduced by a good 
propeller design it is important to emphasize that the 
wake optimization should begin early in cooperation with 
the propeller designer. A poor flow field is not a good 
baseline for the process of minimizing noise. 


5.2 Trailing-edge noise 
The trailing-edge noise should not be neglected. For 
submarines the whole noise spectrum is of concern, 


whereas for surface ships the immediate problem is 
propeller singing, cf. Carlton (2007). For this reason 
submarine propellers are rarely provided with anti- 
singing edges, unless there are specific problems. 


Theoretical work on trailing-edge noise has been done by 
Lighthill (1952) and Blake (1986), and in addition 
measurements exist, cf. Carmargo et al. (2005). These 
measurements show clear evidence of vortex shedding 
and correlation with the noise level, indicating that the 
frequency increases somewhat with flow speed and that 
the harmonic content also increases with angle of attack 
of the blade sections. 


The concentrated fluctuation intensity may be expressed 
by (1st approach by Ross (1987)) I ~ 5.6*10°'°. For a 
blade section the typical sound level is in the range of 
27dB (f ~ 350 Hz). The Strouhal number is estimated as 
0.2 for all conditions. 


In a case with a full-scale propeller with a blunt trailing 
edge the noise level was nearly 50dB indicating most 
probably induced trailing-edge noise in accordance with 
the results of Figure 7. 


The overall blade shaping, the trailing-edge geometry and 
the boundary layer in the local region are decisive for the 
trailing-edge noise, cf. Blake (1986). Reshaping the 
trailing-edge region altogether shows some progress. 
Wang et al. (2006) show results of a numerical optim- 
ization of trailing-edge noise where a_ substantial 
reduction in the vortex shedding was obtained with a 
corresponding improvement in the acoustic spectrum, in 
particular in the low-frequency range. 
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Figure 7 Trailing-edge noise generation and vortex 
strength as function of trailing-edge geometry. The 
Kappel propeller examined generally all have a form 
factor of 0.22 as indicated. 


In Figure 7 results of a simple analysis is presented of the 
correlation between trailing-edge geometry, trailing-edge 
vortex strength and noise. The analysis is made following 
the procedure by Blake (1986) for two-dimensional 


sections where the trailing edge is varied locally, from 
very blunt shapes to very sharp forms. The shapes are 
described by a form factor. From the figure it is seen that 
there is a correlation with the trailing-edge vortex 
strength, the more blunt trailing edge giving more noise. 


In general, the noise starts at frequencies larger than 
200Hz up to 1000Hz, and the strength varies with the 
blade section radius, the wake harmonics and partly with 
the local coherency of the vortices. For high Reynolds 
numbers (larger that 10°) the situation in unclear. 


In the worst case singing will occur where the trailing- 
edge noise gives strong tonal spectra and blade structural 
regions synchronise their vortex shedding in the so-called 
“lock-in effect’. Generally, the structural dynamic 
behaviour should be taken into account in the concept of 
propeller design. The blade geometry influences the 
eigenmodes, but the highly damped material “Sonoston” 
helps in some cases to reduce the peak magnitude 
somewhat. 


5.3 Inflow-induced noise 

The inflow to the propeller is a stochastic flow field 
superimposed the steady inflow field. The turbulence 
intensity and the integral length scale are decisive values. 
The inflow turbulence increases the noise-spectrum, 
especially if the turbulence length is equal or close to the 
blade distance. Although this phenomenon has not been 
experienced with open propellers it occurs for pumpjets 
with high blade numbers. 


5.4 Perspective 

For further developments of understanding of the flow- 
induced noise, as introduced in this paper, a viable and 
promising alternative would be systematic acoustic meas- 
urements, for example using "piezo-technique" on the 
surface of the blade (trailing-edge region), last but not 
least to verify theoretical calculations. The approach by 
Lighthill equations (Lighthill (1952)) can be designated 
as a first estimation. If enhanced predictions are to be 
made the efforts will increase strongly. More compre- 
hensive software packages (hybrid procedure) exist on 
the market and use more or less the principles of Lighthill 
analogies as well. The applicability of this software is de- 
monstrated for some examples, but the applications for 
the propeller design process are most doubtful. What are 
needed first are accurate experiments in model and full 
scale which are essential to scaling the theoretical 
calculations. 


6 EXAMPLE 

The development of a propeller for a particular submarine 
design is described in the following and it demonstrates 
some of the problems involved in the design process. 


6.1 Initial design stage 

For the initial stages of design four designers were invited 
to present their best proposal for the submarine propeller. 
The propellers were tested at Potsdam Model Basin, 
(Schiffbau-Versuchsanstalt Potsdam, SVA), Germany, in 
their cavitation tunnel in open water and behind a dummy 





Figure 8: Model of Propeller 8, the 8-bladed Kappel 
propeller as discussed in Section 6.3. 


model of the submarine. The initial design stage was 
followed by a second design stage in which the design 
restrictions with respect to the first order natural blade 
frequency were relaxed. Two propellers were tested in the 
model tank at SVA in the second design stage. Two 
further designs were tested in the model tank in a third 
design stage. All propellers are fixed pitch and right- 
handed. Propellers 4, 6 and 8 were of the Kappel type. 
The detailed geometries of the propellers were quite 
different. The main parameters of the eight propeller 
designs are listed in Table 2 with Propeller 4 as reference. 
In this paper the particular design work with three Kappel 
designs will be described even though several other 
designs were also developed and tested. 


Propeller 4 (Kappel) of the first design stage was tested in 
full scale with the original trailing-edge geometry and 
with a trailing-edge geometry modified corresponding to 
an anti-singing edge for a surface ship, sloped from the 
suction side. This modification reduced the noise level 
significantly in the frequency range 150 to 350 Hz, as 
indicated in Figure 9. Propeller 4 showed moderate thrust 
fluctuations after the modification. 


6.2 Second design stage 

Based on the model-test and full-scale results of the first 
design stage and on relaxed conditions with respect to 
first-order natural blade frequency, two further designs 
were made in the second design stage. Relaxation of the 
design requirements made possible a_ substantial 
improvement of the cavitation margin and small reduction 
in the thrust fluctuation. Propellers 5 and 6 (Kappel) were 
designed in this stage. 


Table 2. Propeller designs 


1“ design stage 


2" design stage 3" design stage 


ee ——— ca Propeller —e Propeller — Propeller 


Diameter (relative) 
Pitch ratio 

Skew, degree 
Blade area ratio 


No. of blades 
*Propellers 4, 6 and 8 are of the Kappel type. 


Original trailing edge - -----Modified trailing edge 


level (dB) 





frequency 


Figure 9: Envelopes of measured full-scale thrust 
fluctuations for Propeller 4 (cf. Table 2) with original and 
modified trailing edges. 


6.3 Third design stage 

The harmonic analysis of the wake of the submarine 
indicated that reduced propeller excitations might be 
expected in case a six-bladed and particularly an eight- 
bladed propeller were selected instead of a seven-bladed 
propeller. For this reason the propeller forces and 
moments were calculated for propellers in the behind 
condition by use of the boundary-element method in the 
third design stage. The propellers were assumed to be 
non-cavitating. The calculations were carried out for the 
seven-bladed versions, Propeller 4, Propeller 6 and 
furthermore for eight-bladed propellers with diameters 
(relative) of 1.0, 1.025, 1.05 and 1.1 (versions of 
Propeller 8). Table 3 gives an overview of forces and 
moments calculated. According to these calculations the 
design changes from Propeller 4 to Propeller 6 resulted in 
a minor reduction of thrust fluctuation. However, the 
change from seven to eight blades reduces the thrust and 
torque fluctuations to about 1/5. The fluctuation of the 
vertical force component is of the same magnitude for the 
blade numbers seven and eight, whereas the horizontal 
fluctuation increases 2’ times when changing to eight 
blades. 


The thrust fluctuations were furthermore investigated in 
the circulating model tank of SVA. The model tank 





results confirm the significant reduction found by the 
calculations when changing from the seven to eight 
blades. The model tests for Propeller 6 (seven blades) and 
Propeller 8 (eight blades) are shown in Figure 10. The 
difference between the seven-bladed and the eight-bladed 
propellers is significant and the difference is more than 
10dB which correlates well with the theoretical Lighthill 
calculation based on the values of the panel calculation. 


The optimum diameter with respect to efficiency is found 
to be in the range 1.0 to 1.025 for the eight-bladed 
propeller version. The thrust and torque fluctuations 
calculated by the panel method increases with diameter, 
whereas the horizontal and vertical force fluctuations 
decrease marginally. The intensity of the tip vortex will in 
principle decrease as the diameter is increased, thereby 
increasing the margin against tip vortex cavitation. 
However, the cavitation margin in general will decrease 
as the diameter increases with constant RPM. An eight- 
bladed propeller with a diameter of 1.0125 (Propeller 8) 
was designed and tested in the model test facilities of 
SVA. 


Propeller 6 
Propeller 8 





frequency 


Figure 10. Spectral analysis up to 120 Hz of thrust 
fluctuations, Propellers 6 and 8 (respectively 7 and 8 
blades). The propeller model is turning at 13 rps. The 
reduction is more than 10 dB at the lst order blade rate, 
91 Hz respectively 104 Hz, when comparing Propeller 6 
and 8. 


By courtesy of Schiffbau Versuchsanstalt Potsdam (SVA). 


Table 3: Total forces and moments acting on propellers in inhomogeneous inflow 


Propeller — — Propeller | Propeller | Propeller | Propeller 

8.1 8.2 8.3 8.4 
D, (relative) 1.0 1.025 1.05 1.1 
No. of blades 


0.25942 
0.0517 
0.0093 
0.0071 
0.04326 
0.0076 


0.0032 
0.0051 


0.25081 
0.0481 

0.00767 
0.00685 
0.04221 
0.00771 
0.00324 
0.0052 


0.25296 
0.0089 

0.00963 
0.01724 
0.04296 
0.00171 
0.00519 
0.00964 


0.23448 
0.01006 
00.0086 
0.01541 
0.03880 
0.00183 
0.00470 
0.00895 


0.21288 
0.00918 
0.00756 
0.01364 
0.03440 
0.00170 
0.00416 
0.00817 


0.16736 
0.00918 
0.00557 
0.01074 
0.02608 
0.00149 
0.00313 
0.00682 


Akx = kXmnax - KXmin 





Kx*=Akx/Kx+Akmx/Mx 


Kx* 0.3750 0.3745 0.0750 0.0901 0.0952 0.1120 Kyz*=Aky/Kx+Akz/Kx 
Kyz* 0.2551 0.2579 0.4515 0.4541 0.4580 0.4790 +Akmy/Mx+Akmz/Mx 


7 CONCLUSION 

The development work for submarine propellers has been 
described and the differences relative to surface 
propellers outlined. The design process has _ been 
illustrated for a propeller of the Kappel type applied to a 
submarine design. The main concern has been a low 
acoustic signature and one of the means of obtaining this 
has been using eight blades, relative to seven blades used 
initially. Theoretical calculations as well as model tests 
demonstrate that lower thrust fluctuations were obtained 
accompanied by lower thrust noise. 
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Abstract 


Albatrosses have been observed to soar in an upwind direction using what 1s called 
here an upwind mode of dynamic soaring. The upwind mode is modeled using the 
dynamics of a two-layer Rayleigh cycle in which the lower layer has zero velocity and 
the upper layer has a uniform wind speed of W. The upwind mode consists of a climb 
across the wind-shear layer headed upwind, a 90° turn and descent across the wind- shear 
layer perpendicular to the wind, followed by a 90° turn into the wind. The increase of 
airspeed gained from crossing the wind-shear layer headed upwind is balanced by the 
decrease of airspeed caused by drag. Results show that a wandering albatross can soar 
over the ocean in an upwind direction at a mean speed of 8.4 m/s in a 3.6 m/s wind, 
which is the minimum wind speed necessary for sustained dynamic soaring. The main 
result is that an albatross can soar upwind much faster that the wind speed. The upwind 
dynamic soaring mode of a possible robotic albatross UAV (Unmanned Aerial Vehicle) 
is also modeled using a Rayleigh cycle. Maximum possible airspeeds are approximately 
equal to 9.5 times the wind speed of the upper layer. In a wind of 10 m/s, the maximum 
possible upwind (56 m/s) and across-wind (61 m/s) components of UAV velocity over 
the ocean result in a diagonal upwind velocity of 83 m/s. In sufficient wind, a UAV 
could, in principle, use fast diagonal speeds to rapidly survey large areas of the ocean 
surface and the marine boundary layer. Limitations to achieving such fast travel velocity 


are discussed and suggestions are made for further studies. 


Keywords: dynamic soaring, energy-neutral soaring, albatross, robotic albatross, 
Unmanned Aerial Vehicle, UAV 


Highlights: 

e Dynamic soaring of albatrosses and UAVs was simulated with a two-layer 
dynamic model. 

e Observed upwind dynamic soaring of albatrosses was successfully modeled. 

e Upwind dynamic soaring of a robotic albatross UAV was simulated with the same 
model. 

e A UAV is able to soar upwind much faster than an albatross due to superior 
strength. 


e A possible fast UAV survey mode uses parallel diagonal tracks relative to wind. 


1. Introduction 


On a research cruise to the South Atlantic I watched with amazement as a wandering 
albatross soared upwind parallel to our ship, which was steaming upwind at 6 m/s (12 
knots) into a 7 m/s head wind. The bird came from leeward of the ship and caught up 
with us, indicating it was soaring significantly faster than our 6 m/s speed. At first 
thought, it seemed almost impossible that an albatross could soar upwind without 
flapping its wings with a mean velocity through the air faster than 13 m/s, significantly 
faster than the 7 m/s wind. More observations of albatrosses soaring upwind and further 
reflection suggested that such upwind soaring 1s made possible by using dynamic soaring 


to exploit wind shear, possibly supplemented by updrafts over waves. 


The term dynamic soaring refers to the extraction of energy from the gradient of wind 
velocity. In dynamic soaring an albatross typically climbs across the wind-shear layer 
while headed upwind, turns to head downwind, descends down across the wind-shear 
layer, and then turns upwind again (Baines, 1889; Idrac, 1925; Pennycuick, 2002). Both 
crossings of the wind-shear layer and the turn downwind can provide energy for 
sustained or energy-neutral soaring. Usually an albatross executes these two turns in an 
S-shaped maneuver while soaring across-wind, which 1s the preferred direction for 


albatross soaring (Alerstam et al., 1993; Wakefield, 2009). 


Despite many studies of dynamic soaring there 1s still uncertainty about how fast a 
bird can soar upwind using dynamic soaring. The uncertainty 1s caused in part by the 
relatively slow upwind velocity predicted by models of dynamic soaring that use an 
average wind profile above a flat ocean surface. There are benefits to being able to fly 
fast upwind such as being able to rapidly travel to a good upwind fishing ground, being 
able to return and feed a hungry chick after being stuck downwind in a wind shift, and 


being able to keep up with a ship and scavenge discarded food scraps or discarded 


bycatch from fishing. That was probably why the albatross was shadowing our ship, 
which had numerous spools of wire and other mooring gear on the fantail and thus 


resembled a commercial fishing vessel. 


The purpose of this paper is to explain how a bird can fly fast upwind by using a 
particular form of dynamic soaring that is somewhat different from the usual across-wind 
dynamic soaring maneuver. In particular a bird is able to achieve fast upwind flight by 
using a Series of 90° turns, starting with a climb across the shear layer headed upwind 
banked to the right (for example), then a descent across the shear layer headed across 
wind, and switching to a banked turn to the left toward the wind direction again. The 
albatross that was shadowing our research ship was doing this maneuver, starting headed 
across wind in a wave trough, turning upwind and climbing over the top of a wave, then 


turning back across wind and diving down into another wave trough. 


The goal of this paper is to explore the upwind mode of travel velocity by using the 
Rayleigh cycle model to predict upwind travel velocities of an albatross and a robotic- 
albatross type UAV (Unmanned Aerial Vehicle). Part of the motivation for this study is 
to investigate the possible development of a robotic albatross UAV that could soar over 
the ocean using dynamic soaring like an albatross but much faster because of superior 
strength and aerodynamic performance. Possibly such a UAV could be used in 
environmental monitoring, search and rescue, and surveillance. In order to evaluate how 
effectively a UAV could survey, it 1s necessary to establish typical upwind and across- 
wind soaring abilities. The UAV soaring was modeled on the observed soaring flight of a 


wandering albatross (Diomedea Exulans). 


2. Rayleigh cycle model of dynamic soaring 


Lord Rayleigh (1883) was the first to describe how a bird could use the vertical 
gradient of the wind velocity to obtain energy for sustained dynamic soaring, although he 
did not call it that. He envisioned a two-layer model with different wind speeds (W) in the 


two layers, the speeds differing by an amount indicated by AW. He described how a 


circling bird could gain airspeed equal to AW by climbing headed upwind across the 
boundary between layers and gaining another AW by descending headed downwind 
across the boundary, a total gain of 2AW in a circle (Fig. 1). If the wind gradient were 
sufficiently large, then it is possible that enough energy could be obtained by this 
maneuver to sustain soaring and even climb upwards in the wind gradient. This maneuver 


has become known as the Rayleigh cycle. 
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Fig. 1. Idealized example of the airspeeds of a dragless albatross dynamic soaring through a thin 
wind-shear layer, which is assumed to consist of an increase in wind speed from zero below the 
layer to 5 m/s above. The zero speed in the lower layer represents the low wind speed located in 
wave troughs. This schematic is based on the written description of Rayleigh (1883) who first 
suggested that a bird could continuously soar in nearly-circular flight on an inclined plane that 
crosses a thin wind-shear layer. Starting in the lower layer with an airspeed 15 m/s a bird climbs 
upwind a short distance vertically across the wind-shear layer, which increases airspeed to 20 
m/s. The bird turns and flies downwind with the same airspeed of 20 m/s. During the turn, ground 
speed increases to 25 m/s in a downwind direction and consists of the bird’s 20 m/s airspeed plus 
(tail) wind speed of 5 m/s. The bird descends downwind a short distance vertically across the 
wind-shear layer, which increases airspeed to 25 m/s. Flying with an airspeed of 25 m/s the bird 
turns upwind. Thus, one circle through the wind-shear layer increases airspeed and groundspeed 
from 15 m/s to 25 m/s (two times the 5 m/s wind speed increase across the wind-shear layer). By 
descending upwind (dashed line) the bird’s airspeed would have decreased from 20 m/s back to 
15 m/s with no net gain in airspeed. This schematic shows an oblique view of near-circular flight. 


In order to develop a (fairly) simple dynamic model of albatross dynamic soaring 
Richardson (2011) balanced the airspeed gain in the Rayleigh cycle with the loss of 
energy due to the drag of the air acting on the bird. The model 1s referred to as the 
Raleigh cycle model. Drag was modeled with a quadratic drag law in which the drag 
coefficient 1s proportional to the lift coefficient squared. Two homogenous layers were 
assumed, a lower layer of zero wind speed and upper layer of wind speed W. A thin 
wind-shear layer is sandwiched between the upper and lower layers. The zero wind speed 
in the lower layer represents the region of low wind speeds located in wave troughs. The 
wind in the upper layer represents the fast wind blowing above wave crests. This model 
agrees with the concept of an albatross gust soaring proposed by Pennyquick (2002) in 
which a wind gust is encountered when a bird pulls up from the low-wind region in a 


wave trough into the faster wind (the gust) located just above a wave crest. 


The essential assumptions in the Rayleigh cycle model are that 1) the bird soars in 
nearly circular loops along a plane tilted upward into the wind, 2) the plane crosses the 
wind-shear layer at a small angle with respect to the horizon so that vertical motions can 
be ignored, 3) the average airspeed and average glide ratio can be used to represent flight 
in the circle, and 4) conservation of energy in each layer requires a balance between the 
sudden increase of airspeed (and kinetic energy) caused by crossing the shear layer and 
the gradual loss of airspeed due to drag over each half loop, resulting in energy neutral 


soaring (see Appendix A for a more complete description of the model.) 


3. Dynamic Soaring Maneuvers 


I have observed albatrosses to fly in three typical dynamic soaring maneuvers. The 
first 1s a circling hover mode with a bird’s wings banked in the same direction similar to 
the basic Rayleigh cycle shown schematically in Figure 1. A minor modification of this is 
a figure-eight-shaped hover mode in which a bird switches the direction of its banked 
wings on every other crossing of the shear layer. The second maneuver is an across-wind 
travel mode, consisting of a series of 180° turns banked successively right then left (say), 


while the bird is headed on an average course across the wind (Fig. 2). Using this mode, 
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Fig. 2. Schematic examples of upwind and across-wind modes of dynamic soaring 
created by linking 90° and 180° turns into snaking flight patterns. The 16.0 m/s cruise 
speed of a wandering albatross was used to calculate a 10.2 m/s mean travel velocity 
through the air in the across-wind and along-wind directions and diagonal travel 
velocities of 14.4 m/s. Arrow heads are placed at points where the bird crosses the wind 
shear layer when headed either upwind or downwind and thereby gains airspeed and 
kinetic energy. 


an albatross can soar quite fast perpendicular to the wind velocity. Tracking of 
albatrosses suggests that this 1s the usual dynamic soaring mode (Wakefield et al., 2009). 


It is not obvious how an albatross could use either of these techniques to soar very fast 


upwind, although some models have suggested that they can, including one based on the 
across-wind mode tilted in an upwind direction (Richardson, 2011). A third maneuver is 
an upwind travel mode in which an albatross can soar quite fast in an upwind direction as 
Idrac (1925) and I have observed (Fig. 2). I believe that this upwind mode better 
represents how an albatross actually soars upwind and is a more efficient way to gain 


energy from dynamic soaring than a tilted across-wind mode. 


3.1 Upwind travel mode 


In this mode a bird first climbs up across the wind-shear layer headed upwind, banks 
and turns 90° to the right (say). The bird then descends across the wind-shear layer 
headed perpendicular to the wind, banks left and turns 90° into the wind again. Using a 
series of 90° turns a bird zig-zags diagonally upwind through the air at an average angle 
of around 45° relative to the wind direction (Fig. 2). By adjusting the direction of the 
turns, either to the left or right after an upwind climb, a bird can effectively tack in any 
direction it chooses including (on average) directly upwind. To soar directly upwind the 
bird would execute a series of turns, first right then left, after upwind climbs (Fig. 2) 
resulting in a series of 180° turns similar to the across-wind mode. This technique could 
be also used for fast down-wind soaring if a bird replaces upwind climbs across the wind- 


shear layer with downwind descents across the wind-shear layer. 


The energy balance in a set of two 90° turns in the diagonal upwind mode is almost 
exactly the same as in one 180° turn. Airspeed gained in an upwind crossing of the wind- 
shear layer is reduced by drag during the two 90° turns, which equal the same amount of 
angular turn as one 180° turn. The main difference is an extra change in banking direction 
between 90° turns. As long as the bird can change its bank angle rapidly compared to the 
whole maneuver then the dynamics would be unchanged from the basic circular Rayleigh 
cycle model. The typical observed period of time for the two 180° turns of the hover 
mode, the across-wind mode, and the direct upwind mode is around 10 s for a wandering 


albatross, and thus the implied period of two 90° turns would be around 5 s. However, the 


albatross I observed soaring upwind executed the two 90° turns in around 10 s. (More 


about this below.) 


3.2 Numerical example of upwind travel mode 


The cruise air speed, V. = 16 m/s, of a wandering albatross 1s its speed at the 
maximum glide ratio, which is around 21.2 in straight flight (Pennycuick, 2008). Using 
these values, a loop period of 10 s, the aerodynamic equations of motion and the 
Rayleigh cycle model I found that the minimum wind speed in the upper layer that can 
support energy-neutral dynamic soaring is 3.6 m/s (Eq. A.4). This value is in good 
agreement with the results of numerical simulations using the full aerodynamic equations 
(Lissaman, 2005, personal communication; Richardson, 2011; Sachs, 2005). The Raleigh 
cycle model predicts that the bird’s airspeed would be 14.2 m/s just before crossing the 
shear layer, would increase by 3.6 m/s on crossing the shear layer, and would reach 17.8 
m/s just afterward. The 17.8 m/s speed would then be reduced by drag to 14.2 m/s by the 
end of a 180° turn or two 90° turns. The average bank angle of the maneuver would be 


around 46° and the average acceleration acting on the bird around 1.4 g. 


The average across-wind travel velocity through the air of an albatross 1s equal to the 
diameter of a 180° semi-circular turn divided by the 5 s to fly it. Thus the across-wind 
component of soaring flight would be equal to 2V,/m = 10.2 m/s, where V, is the 16 m/s 
cruise airspeed (Table 1, Fig. 3). In the upwind mode of flight consisting of a series of 
90° or 180° turns, the average upwind velocity through the air would also equal 10.2 m/s 
(assuming the same 5 s to fly 180°), as would the downwind velocity. Diagonal travel 
velocity at an angle of 45° relative to the wind is the resultant of the across-wind and 
upwind values and equals 14.4 m/s, almost as fast as the bird’s cruise airspeed (16 m/s). 
The relatively fast diagonal travel velocity is possible because the diagonal series of 
linked 90° turns more closely approximates a straight course than does a series of linked 


180° turns in the across-wind or upwind directions. 


Table 1 
Wandering Albatross and UAV Travel Velocities 


Wandering Albatross (V,. = 16 m/s) UAV (V=9.5W) 

Travel Direction Travel Velocity Travel Velocity Travel Velocity Travel Velocity 
Through Air (m/s) |= Over Ground (m/s) Through Air Over Ground 

Upwind 10.2 8.4 6.1W 5.6W 
Diagonal Upwind 14.4 13.2 (51°) 8.6W 8.3W (47°) 
Downwind 10.2 12.0 6.1W 6.6W 
Diagonal Downwind 14.4 15.7 (140°) 8.6W 9.0W (137°) 
Across-wind 10.2 10.2 6.1W 6.1W 


Values of travel velocity (m/s) of a wandering albatross were calculated using its cruise airspeed 
(V.) of 16 m/s at the maximum lift/drag ratio of 21.2, a loop period of 10 s, the Rayleigh cycle 
model, a wind speed of 3.6 m/s (the minimum for dynamic soaring), and a combination of 
upwind and across-wind soaring modes as shown in Fig. 2. The average bank angle is 46° and 
average acceleration is 1.4 g. The UAV’s maximum airspeed was calculated with the Rayleigh 
cycle model to be 9.5W, where W is the wind speed in the upper layer (Eq. A10, see text). This 
relation, UAV airspeed = 9.5W, is a good approximation for wind speeds greater than around 5 
m/s. UAV travel velocities were calculated using this airspeed and a combination of soaring 
modes as shown in Fig. 2. In order to obtain the travel velocity over the ground, values of travel 
velocity through the air were corrected for leeway, estimated to be one half the wind speed of the 
upper layer. Values in parentheses are the angles of travel velocity relative to the wind direction, 
which was assumed to be from zero degrees. 


3.3 Leeway 


In all three modes of dynamic soaring maneuvers there is downwind leeway caused by 
the portion of flight in the upper wind layer. A bird spends approximately half of its time 
in each layer and thus the average leeway in a maneuver equals around one half of the 
wind velocity of the upper layer. This leeway value needs to be applied to the bird’s 
mean velocity through the air in order to obtain the bird’s travel velocity over the ground. 
In principle, a bird could extend the upwind flight legs to compensate for leeway. This 
would make the hover mode more stationary and make the across-wind travel mode 
perpendicular to the wind. It would require gaining a bit more energy from the wind- 


shear layer and a slightly faster wind than without compensating for leeway. 


In the upwind mode, the upwind velocity of 10.2 m/s would be countered by leeway 
of 1.8 m/s (half the wind speed in the upper layer) resulting in an upwind travel velocity 
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over the ground of 8.4 m/s (Table 1, Fig. 3). Correcting for leeway results in a diagonal 
upwind travel velocity of 13.2 m/s at a direction of around 51° relative to the wind. In a7 
m/s wind the upwind travel velocity would be 6.7 m/s, enough to follow our ship but not 


enough to rapidly catch up to it from astern. 


Albatross Travel Velocity Polar Diagram (m/s) 





Fig. 3. Travel velocity polar diagram of a wandering albatross created using upwind and across- 
wind dynamic soaring modes (see Fig. 2). The square shape is a result of the equal travel 
velocities through the air in the along-wind and across-wind directions. Values of mean travel 
velocities over the ground have been added to characteristic flight directions. The diagram was 
created using the cruise airspeed (16.0 m/s) of the bird and the minimum wind speed (3.6 m/s) 
necessary for continuous dynamic soaring. Values were corrected for leeway (1.8 m/s), which 
was estimated to be one half of the wind speed, based on assuming that the bird spends equal time 
in the upper and lower layers. 


The diagonal travel velocity over the ground is significantly faster than either the 
direct upwind or across-wind travel velocities. This suggests that diagonal flight would 


be the fastest way to travel over the ocean, especially downwind diagonal flight at 15.7 
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m/s, which is very close to the bird’s 16 m/s cruise velocity through the air. An albatross 
could choose a diagonal flight mode in order to make the fastest passage to feeding 
grounds or a fast return. The implication is that the fastest way an albatross could search 


a particular region for food would be to use a diagonal flight pattern. 


3.4. Across-wind descent 


An important detail should be mentioned about the descent across the wind-shear 
layer when headed perpendicular to the wind. As a bird soars in the upper layer on a 
heading of 90° with respect to the wind direction (considered to come from zero degrees), 
for example, the wind causes a downwind leeway to the bird’s right at the wind speed 
(3.6 m/s) so that the direction of flight over the ground is toward 103°. When descending 
on a 90° heading across the wind-shear layer, the apparent wind encountered by the bird 
shifts to the right around 13° due to the leeway component. At this point the bird could 
quickly yaw to the right to head into the apparent wind direction then bank left to start the 
“90°” upwind turn, which would be approximately 103°. In order to retain the upwind 
travel mode Raleigh cycle of approximately two 90° turns that sum to 180° a bird could 
descend across the wind shear layer when headed toward 83.5° (after a 83.5° turn), then 
quickly yaw right toward 96.5° (the direction of the bird’s velocity over the ground), then 
bank left and turn 96.5° into the wind. The sum of these two turns is 180°. Presumably, a 
bird would know how to maximize its upwind velocity by optimally adjusting the turns 


somewhat like the maneuver envisioned here. 


3.5 Dynamic soaring in higher wind speeds 


In principle, albatrosses can use winds faster than the minimum (3.6 m/s) required for 
dynamic soaring to gain more energy from the wind and fly faster than the cruise 
airspeed of 16 m/s. They probably actually do this at least for moderate increases of 
airspeed. The albatross I saw using the upwind soaring mode in a wind of 7 m/s was 


completing the two 90° turns in around 10 s. Using these values the Rayleigh cycle 
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model predicts that the bird could soar with an average airspeed of around 24 m/s, an 
average bank angle of 38°, and average acceleration of around 1.3 g, which seems 
reasonable. This airspeed corresponds to upwind and across-wind travel velocities 
through the air of 15.6 m/s. Correcting for leeway gives an upwind travel velocity over 
the ground of 12.1 m/s. This is almost twice as fast as the upwind travel velocity (6.7 
m/s) with a 16 m/s airspeed and 7 m/s wind. This result suggests that the albatross I 
observed had more than enough upwind travel velocity to catch up with our ship (as 
observed). The implication is that as long as the acceleration of an albatross can be kept 
to a reasonable level below the maximum strength of the bird’s wings, the bird could 
increase its upwind and across-wind travel velocity with winds faster than 3.6 m/s. The 
Rayleigh cycle model indicates that an albatross could increase its airspeed as wind speed 
increases and, by increasing the period of the maneuver, maintain a constant average 
bank angle (45°, say) and acceleration (1.4 g) typical of dynamic soaring at the minimum 
wind speed (3.6 m/s). This suggests that the travel velocities in Table 1 and in Figure 3 
could underestimate real albatross travel velocities in wind speeds faster than 3.6 m/s. 
However, there is some contrary evidence against faster airspeeds in faster winds as 


discussed below. 


3.6 Discussion of albatross airspeeds faster than 16 m/s 


Wakefield et al. (2009) found a linear relationship between the ground speed of 
albatrosses and the wind-speed component in the direction of flight. For example, the 
ground speed of a wandering albatross was found to equal an average 10 m/s plus 0.4 
times the wind component at 5 m height in the direction of flight (their Table 1). The 
Rayleigh cycle model predicts a similar 10 m/s travel velocity through the air for a wind 
speed of 3.6 m/s, as described above. The observed speeds used by Wakefield et al. 
suggest that albatrosses generally fly with an average 10 m/s travel velocity through the 
air even in relatively fast winds of 6-9 m/s and large wind shears. The implication is that 
the birds can control the amount of energy in dynamic soaring in order to maintain a 
nearly constant average airspeed. Some possible ways a bird could limit energy gain and 


airspeed in faster winds would be to climb and descend obliquely across the wind-shear 
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layer, to soar in the weaker shear located higher up in the wind-shear layer, and to 


decrease the frequency of shear-layer crossings. 


The average 10 m/s travel velocity through the air found by Wakefield et al. appears 
to contradict the faster upwind travel velocity through the air (15.6 m/s) and faster 
airspeed (24 m/s) calculated above using a 7 m/s wind speed. There are at least two 
possible explanations of this discord. The first is that albatrosses usually prefer the 
across-wind travel mode soaring at a travel velocity of 10 m/s because that is easy for 
them. Therefore, the preponderance of observations used by Wakefield et al. are probably 
from the common across-wind flight with few observations from fast upwind flight. 
Secondly, significant scatter can be seen in the plot (their Fig. 2, top panel) showing the 
correlation between the ground speed of wandering albatrosses measured with GPS and 
the wind velocity component in the direction of flight. In particular, there is a cluster of 
around 6 observations of ground speeds of 10-13 m/s matching a head wind speed 
component of 7 m/s, corroborating my upwind flight observations and the Rayleigh 
model predictions. These GPS data indicate that at times albatrosses are quite capable of 
exploiting moderately fast wind speeds in order to soar significantly faster than the 


typical cruise airspeed and in an upwind direction. 


The albatross tracking data used by Wakefield et al. are fairly infrequent positions 
with no information about the fine-scale details of the dynamic soaring flight such as 
high-resolution trajectories over the ground and the times to fly the various maneuvers. 
This kind of information is needed in order to be able to further evaluate how albatrosses 
use the wind to gain energy in soaring over the ocean and how fast they can fly using the 
different travel modes. A few albatrosses have now been tracked with higher temporal 
resolution GPS positions and flight details are starting to be published (Sachs et al., 2013; 
Weimerskirch et al., 2002). More of these high temporal resolution data including air 
speed measurements are needed to reveal how an albatross uses dynamic soaring and to 


accurately model the soaring techniques. 


4. Possible upwind dynamic soaring of a robotic albatross UAV 
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Recent observations of fast radio-controlled gliders suggest that they might form the 
basis of a robotic albatross UAV (Unmanned Aerial Vehicle) that could use dynamic 
soaring to fly over the ocean much faster than a real albatross. The goal of this part of the 


paper is to explore this concept using the observed albatross soaring modes (Fig. 4). 





Fig. 4. Conceptual illustration of a robotic albatross UAV dynamic soaring over the 
ocean. A photo of a Kinetic 1OODP glider flown by Spencer Lisenby at Weldon Hill, 
California was superimposed onto a photo of a black-browed albatross soaring over the 
Southern Ocean. Photos by Phil Richardson. 


4.1 Observations of fast dynamic soaring radio-controlled gliders 


Pilots of radio-controlled gliders have recently used dynamic soaring to exploit winds 
blowing over mountain ridges to fly gliders at astonishingly fast speeds in nearly circular 
loops similar to the hover mode. In 2012 I observed gliders being flown at speeds up to 


around 200 m/s at Weldon Hill near Lake Isabella, California in wind speed gusts of 20- 
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30 m/s near the top of the ridge. The present unofficial world record is a peak speed of 
223 m/s (498 mph) held by Spencer Lisenby flying a Kinetic 100 DP glider with a 2.5 m 
wingspan, similar to that of some albatrosses 
(http://www.rcspeeds.com/aircraftspeeds.aspx). One almost has to see and hear these 
extremely fast gliders to believe how fast they can go and to appreciate their extreme 
performance. Anecdotal information suggests that peak glider speeds as measured by 
radar guns are roughly equal to 10 times the airspeed blowing over the crest of the ridge 


(Lisenby, personal communication). 


4.2. Model simulations of fast radio-controlled gliders and possible UAVs 


In order to better understand the dynamic soaring of these gliders I used the Raleigh 
cycle model to simulate their flight. The Rayleigh cycle model is appropriate for this 
because the low-wind region downwind of the mountain ridges and the fast wind speeds 
located just above the crest of the ridge match the two model layers. A maximum lift to 
drag ratio of 30/1 at a cruise speed of 25 m/s was estimated for a Kinetic 100 DP glider 


(Lisenby, personal communication). 


Using these values the Rayleigh cycle model predicts that the maximum possible 
airspeed is equal to around 9.5 times the wind speed in the upper layer for wind speeds 
greater than around 5 m/s (Eq. A1O). The 9.5 factor agrees quite closely with the 
anecdotal factor of around 10. These fast gliders need to be very strong since peak 
accelerations estimated from the Rayleigh cycle model and some accelerometer 
observations (Chris Bosley, personal communication) are around 100 g’s. The gliders are 
highly maneuverable as demonstrated by successful dynamic soaring at high speeds close 
to the ground in gusty winds, by numerous remarkable acrobatic tricks, and by safely 
landing on top of a very windy gusty ridge. (See Richardson, 2012 for more discussion 


about high-speed dynamic soaring gliders.) 


4.3 Upwind travel velocities of a robotic albatross UAV 
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The maximum possible upwind travel velocity of a UAV was modeled with the 
airspeed calculated using the Rayleigh cycle model optimized for fast flight and the 
upwind flight mode shown in Fig. 2. Values of maximum travel velocity through the air 
as a function of wind speed (W) are given in Table 1, and maximum possible upwind 
travel velocities over the ground as a function of wind speed given in Figure 5. The range 
of possible upwind velocities plotted against wind speed is indicated in Figure 5 by 
darker blue shading. An important result is the large region of possible upwind travel 


velocities and wind speeds using a dynamic soaring UAV. 


UAV Upwind Travel Velocities 


Maximum Possible 
Upwind Travel Velocity —_, 


Upwind Travel Velacity (m/s) 





0 5 10 15 
Wind Speed (m/s) 


Fig. 5. Envelope of maximum possible upwind UAV travel velocities over the ground (corrected 
for leeway) plotted as a function of wind speed. Velocities were calculated using the upwind 
mode of the Rayleigh cycle model and by assuming a maximum lift/drag ratio of 30/1 at a cruise 
speed of 25 m/s (similar to a Kinetic 100 DP glider). The darker blue area indicates all possible 
upwind UAV travel velocities as a function of wind speed (W). The UAV was assumed to be able 
to obtain the correct amount of energy for each wind speed in order to soar upwind at slower 
airspeeds than the maximum possible. 
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As a numerical example, a wind speed of 10 m/s could in principle provide sufficient 
energy to soar at airspeeds up to 95 m/s (Eq. A.10). The resulting maximum upwind 
travel velocity through the air would be 61 m/s, and the maximum diagonal travel 
velocity would be 86 m/s (Table 1). Correcting for leeway gives a maximum upwind 
velocity over the ground of 56 m/s and a maximum upwind diagonal velocity of 83 m/s. 
The values of the maximum possible travel velocities are illustrated in a velocity polar 


diagram for a UAV (Fig. 6). 


UAV Travel Velocity Polar Diagram 





Fig. 6. Travel velocity polar diagram of a robotic albatross UAV. The square shape is a result of 
the equal travel velocities through the air in the along-wind and across-wind directions. The 
diagram was created by assuming a characteristic lift/drag ratio of 30/1, a cruise velocity of 25 
m/s (similar to a Kinetic 100 DP glider), and by calculating airspeeds based on the Raleigh cycle 
model optimized to give the maximum possible airspeed for a given wind speed. Travel velocities 
have been corrected for leeway and represent velocities over the ground. Specific given values of 
travel velocity represent the linear relation between travel velocity over the ground and wind 
speed (W) for wind speeds over around 5 m/s (see text). For example, a wind speed of 10 m/s 
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results in maximum possible travel velocities over the ground of 56 m/s upwind, 83 m/s 
diagonally upwind, and 61 m/s across-wind. 


4.6 Possible UAV Survey mode 


A main result of these calculations is to show that in principle very fast upwind UAV 
travel velocities are possible over the ocean when using the energy extracted from the 
wind in dynamic soaring. In a 10 m/s wind the maximum diagonal upwind travel velocity 
over the ground is 83 m/s, over six times faster than that of an albatross flying with a 
travel velocity of 16 m/s. These results indicate that the fastest way to survey or search a 
particular part of the ocean using a dynamic soaring UAV would be along diagonal lines 


(Fig. 7). 


Possible UAV Survey Pattern 





Fig. 7. Schematic diagram showing a possible UAV survey mode using a combination of upwind 
and downwind modes of the Rayleigh cycle consisting of diagonal trajectories with respect to the 
wind direction (Fig. 2). Diagonal velocities are the fastest possible travel velocities over the ocean 
using the upwind (and downwind) mode. They enable rapid surveying of an area for any given 
wind direction given sufficient wind for dynamic soaring. For example, in a wind speed of 10 m/s 
the average maximum possible diagonal velocities are 86 m/s (Fig. 6). 
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A hypothetical survey mode using diagonal lines is shown in Figure 7. In principle a 
UAV could complete such a survey more than 14 times faster than could a 6 m/s ship. 
This suggests that UAVs could provide rapid measurements over the ocean and 
supplement much slower insitu sampling by ship. In addition UAVs could be used in 
combination with surface drifters to follow oil spills or other pollutants in the surface 


layer and for search and rescue operations. 


4.7 Previous numerical simulations of the upwind travel mode of UAVs 


Deittert et al. (2009) modeled a UAV dynamic soaring through an exponential wind 
profile over a flat ocean (no waves). Only modest upwind travel velocities were obtained 
reaching around 2-6 m/s in wind speeds of 8 to 20 m/s referenced to a height of 20 m. 
These upwind velocities are much slower than the maximum upwind travel velocities of 
~ 45-112 m/s predicted using the Rayleigh cycle model and the same wind speeds. Two 
major differences between models explain the very different predictions. The first is that 
most (~ 70%) of the increase of wind speed above the ocean in the 20 m exponential 
wind layer occurs in the first 1.5 m above the surface. Thus most of the increase of wind 
speed in the profile was missed by the UAV. The second major difference 1s that the 
UAV remained in the faster contrary winds above the surface and thus had a large 
leeway. Deittert et al. show a detailed plot of the direct upwind snaking mode with 
heights flown between approximately 1-25 m in a wind profile with airspeed of 12 m/s at 
20 m. The estimated increase of wind speed (AW) encountered by the UAV in this 
example is around 4 m/s, the maximum upwind travel velocity is around 6 m/s, and the 
leeway is around 11 m/s. The Rayleigh cycle model predicts a nearly-equal upwind travel 
velocity through the air as the Deittert et al. model when using the same AW, cruise 
airspeed, and lift/drag ratio. The main difference between model predictions is the much 
larger leeway ~ 11 m/s (Deittert et al.) as opposed to the 2 m/s predicted by the Rayleigh 


cycle model. 


Barnes (2004) simulated a direct upwind snaking mode using an exponential wind 


profile over a flat ocean with a wind speed of 7 m/s at a height of 20 m. His predicted 
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UAV upwind travel velocity was 3.6 m/s, also much slower than the predictions of the 
Rayleigh cycle model for the same reasons as mentioned above. Bower (2012) modeled 
dynamic soaring over a flat ocean using linear and exponential wind profiles. With a 12 
m/s wind at a 10 m reference height his UAV could not travel upwind due to a smaller 


maximum lift/drag ratio (~ 20) and a large leeway. 


The relatively slow upwind travel velocities obtained by Barnes (2004) and Deittert et 
al. (2009) emphasize that in order to fly fast upwind it is important to exploit the full 
wind-shear layer located just above wave crests and to remain in the slow winds located 
downwind of wave crests and shielded from the faster winds for part of the flight. The 
Rayleigh cycle model includes both of these features—flight in the wave trough and 
climbs upwind across the main wind-shear layer—similar to the gust-soaring technique 


proposed by Pennycuick (2008). 


Numerical simulations like those mentioned above could be made more relevant to 
soaring over the real ocean by incorporating the dynamic soaring of a UAV in a model 
that resolves wind-wave interactions and features like lee eddies and detached shear 
layers, which albatrosses use for gust soaring. It seems probable that when these features 
are incorporated into a simulation, a model UAV could fly closer to the speeds found 
using the Rayleigh cycle model. Such simulations could also reveal information about 
optimal flight over waves. On the other had, the slower upwind travel velocities found in 
simulations over a flat ocean could be more realistic in practice if UAV gust soaring turns 
out to be much less efficient than predicted by the Rayleigh cycle. Field tests should be 


able to provide information about how well a real UAV could soar over the ocean. 
4.8 Dynamic soaring of a UAV over the real ocean 

The results of the Rayleigh cycle simulations indicate that much faster UAV upwind 
velocities are possible than those of an albatross. How much faster needs to be 


determined from further studies. The modeled fast upwind UAV travel velocities are 


based on the observed albatross dynamic soaring flight patterns. A fundamental question 
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is how well can a UAV mimic albatross maneuvers and also increase the frequency of 


shear-layer crossings in order to gain sufficient energy for fast travel velocities? 


In the low-level part of a swoop in a wave trough, an albatross flies very close to the 
ocean surface, close enough so that the bird’s wing tip often grazes the surface. This 
allows the bird to descend into a lee eddy located in a wave trough and be shielded from 
the full force of the wind. Grazing the water surface with wing tip feathers is not a 
problem for an albatross, but touching the wing of a UAV could cause a crash. Thus, a 
UAV must maintain a safe gliding distance above the ocean surface. But, to fully exploit 
gust soaring a UAV must be able to descend below the wind-shear layer into a wave 
trough, and this could be compromised if the minimum safe flying height above the 
ocean surface were greater than the wave height. Therefore, it seems likely that 
increasing a UAV’s height above the ocean for safety could lead to a reduced amount of 
energy gained from the available wind shear, especially with low-amplitude waves. As 
demonstrated by the numerical simulations of dynamic soaring over a flat ocean, 
including a safe minimum soaring height limits the energy gain, airspeed, and upwind 


travel velocity of a UAV. 


Clearly there is a wide range of possible UAV upwind travel velocities using dynamic 
soaring as indicated in Figure 5. It is necessary to establish values optimized for flight 
over real ocean waves in various wind conditions and to refine such a figure. To do so it 
would be beneficial to have experienced pilots of RC gliders take various high- 
performance waterproof gliders to sea and experiment with field trials in order to 
measure how fast dynamic soaring could be accomplished in realistic winds and waves. 
In such trials it would be helpful to have the gliders instrumented to measure high 
temporal resolution series of positions, orientations, accelerations and velocities through 


the air as well as observations of the wind and waves. 


4.9 Design of a robotic albatross UAV 


Ze 


The UAV discussed here was modeled on the kinetic 100 DP high-performance glider, 
which is optimized for fast dynamic soaring using fast winds blowing over mountain 
ridges and not optimized for slower winds blowing over waves like albatrosses often 
exploit. An appropriate robotic albatross UAV should probably be optimized for slower 
winds, which can often limit dynamic soaring. In slow winds albatrosses often use a flap- 
gliding technique to supplement dynamic soaring, and when the wind dies altogether the 
birds typically land on the water. A useful UAV would also need auxiliary power for 
slow winds and the ability to land on water and take off again. Other important 
developments are sensors to measure winds and waves from a UAV and an autopilot that 


could implement dynamic soaring using these measurements. 


5. Summary of results 


An upwind dynamic soaring mode was modeled using a series of 90° turns linking 
upwind climbs across the wind-shear layer and across-wind descents across the wind- 
shear layer (Fig. 2). The upwind mode can be used to soar downwind by descending 
downwind across the wind-shear layer instead of climbing upwind across it. A series of 
90° turns can be combined to soar in any direction including directly upwind and 
downwind somewhat similar to the courses made good by a sailboat tacking in the wind 


(Fig. 2). 


An albatross travel velocity polar diagram was constructed by combining the upwind 
and across-wind travel modes using the minimum wind (3.6 m/s) for energy-neutral 
dynamic soaring (Fig. 3). The upwind component of travel velocity over the ground is 8.4 
m/s, considerably larger than the wind speed (3.6 m/s). The fastest travel velocity over 
the ground in the upwind half of the diagram 1s 13.2 m/s along diagonals heading in a 
direction of around 51° relative to the wind direction. The upwind travel velocity of an 
albatross soaring in a wind of 7 m/s was calculated to be around 12 m/s, more than 
enough to explain how an albatross was able to catch up to our (6 m/s) ship steaming 


upwind. 
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The concept of a fast dynamic soaring robotic albatross UAV was explored based on 
the characteristics of high speed radio-controlled gliders, which have exploited dynamic 
soaring to reach speeds up to 220 m/s. Maximum possible airspeeds of a such a UAV 
were simulated by optimizing the Rayleigh cycle model for maximum airspeed. Although 
such fast airspeeds might not be achievable in practice by a UAV soaring over the ocean 
for reasons mentioned above, the speeds and resulting travel velocities give an indication 
of the maximum possible using the Rayleigh cycle. The wide range of possible UAV 


upwind travel velocities as a function of wind speed was shown in Figure 5. 


A polar diagram of UAV travel velocities over the ground as a function of wind speed 
is given in Fig. 6. The maximum possible upwind travel velocity in a 10 m/s wind was 
found to be 56 m/s and the maximum diagonal upwind velocity is 83 m/s. These very fast 
speeds demonstrate the power of using dynamic soaring and suggest that in principle 
UAV travel velocities over the ocean could be many times faster than that of albatrosses. 
Even if the achievable UAV travel velocities over the real ocean turn out to be only half 
of the predicted values, they would still be much faster than those of an albatross. Figure 
5 also indicates that a dynamic soaring UAV could travel in any direction over the ocean 
and not be limited by the small upwind travel velocities predicted by models that include 
a flat ocean. The fast diagonal travel velocities suggest that a rapid search or survey mode 
over the ocean might consist of a series of parallel diagonal tracks relative to the wind 


direction offset from each other as illustrated in Fig. 7. 


6. Conclusions and recommendations 


The results of this study suggest that a robotic albatross UAV could soar much faster 
than an albatross and be useful for many applications. In order to evaluate how 
effectively an AUV could soar over the real ocean in different wind and wave condition 
several studies could to be undertaken. First, numerical simulations could be made of the 
interaction of winds and waves, of the resulting structures in the wind field including 
updrafts and detached shear layers, and of the optimal dynamic soaring patterns using the 


wind field over waves. Second, albatrosses could be instrumented to better measure their 
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dynamic soaring techniques in various winds and waves. Specifically, high temporal 


resolution time series could be obtained of albatrosses’ positions, velocities, orientations, 


accelerations, and airspeeds, and these related to insitu observations of winds and wave 


Third, expert pilots of radio-controlled gliders who are experienced in fast dynamic 


S. 


soaring could conduct field tests in order to evaluate fast dynamic soaring over the ocean 


with high-performance waterproof gliders and to establish safe minimum soaring heigh 
above the ocean surface. These gliders should be instrumented as would be the 
albatrosses mentioned above. Using the results of the simulations and measurements of 
albatross and radio-controlled glider flight, a dynamic soaring autopilot could be 
developed. Finally, a prototype waterproof, instrumented, dynamic soaring UAV with 


backup auxiliary power could be constructed and tested over the ocean. 
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Appendix A 


A.1. Nomenclature 


Lift coefficient 

Drag coefficient 

Diameter of loop 

Optimum diameter of loop for maximum airspeed 
Drag force 

Gravity 

Lift force 

Mass 

Period of loop (or equivalent sum of angles turned) 
Optimum loop period for maximum airspeed 
Characteristic wing area 

Airspeed of albatross or UAV 

Cruise airspeed at maximum glide ratio (V/ V- )max 
Sink rate due to drag 

Increase of airspeed caused by crossing the wind-shear layer 
Wind speed of upper layer 

Increase of wind speed across the wind-shear layer 
Bank angle 

Density of air 


A.2. Rayleigh cycle model 


In the Rayleigh cycle model the sudden gain in airspeed of a glider climbing across 


the wind-shear layer headed into the wind is AV. This AV is assumed to equal the vertical 


increase of wind speed (AW) across the layer and also the wind speed W of the upper 


layer, assuming zero wind speed in the lower layer. A similar increase of airspeed is 


obtained by a glider descending across the wind-shear layer headed downwind. 


The sink rate V, of a glider at constant airspeed was used to obtain the decrease of 


airspeed at constant height as modeled by the Rayleigh cycle. To do this the rate of 


change of kinetic energy d/dt(mV’/2) = mV(dV/dt) at constant height was equated to the 
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rate of change of potential energy d/dt(mgh) = mgV-, at constant airspeed. The result 
indicates that dV/dt = g/(V/V-), where V/V, represents values of the glide ratio (glide 
polar). Values of the glide ratio are closely equal to values of lift/drag (L/D) for L/D 
values >> 1 typical of glider flight. Lift L = Cl(p/2)V’S and drag D = Cd(p/2)V’S. 


V/V, 1s nearly constant in the relevant glider airspeed range AV centered a particular 
average airspeed, and therefore acceleration is nearly constant and airspeed decreases 
nearly linearly in time due to drag. For example, values of V/V, are within around 1% of 
the mean V/V, in the energy-neutral circle of a wandering albatross soaring with a cruise 


airspeed of 16 m/s. Thus, the total decrease of airspeed AV in a half loop (#/2) is given by 


V = eas (Al) 
Values of V/V, were modeled using the aerodynamic equations of motion for balanced 
circular flight (Lissaman, 2005; Torenbeek and Wittenberg, 2009) and a quadratic drag 
law, in which the drag coefficient is proportional to the lift coefficient squared. In 
balanced circular flight the horizontal component of lift balances the centripetal 
acceleration and the vertical component of lift balances gravity. Specifically, V/V, was 


modeled by 


2(V !Vz) max (A2) 


V IV: = Veg geen . wey yn. .40 3 
(V /Vc)” +(WelV cos@) 


where (V/V, )max 18S the maximum glide ratio at V, the associated cruise airspeed (airspeed 
of minimum drag) of a representative glider in straight flight, g is the bank angle, and 


cosg is given by 


i 
ae A3 
ee PN AV ety + 1 ~_ 


Combining Equations (A2) and (A3) with (A1) and assuming that AV = W indicates that 
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7 gt 
~ AV IV)) 


max 


AV =W (V/V)? +(VeIV)* + (22Ve/ gt)” |. (A4) 


The (27V,/gt) term is due to the centripetal acceleration and bank angle. Equation A4 
indicates that for a particular glider (with a given (V/V, )max at V.) in energy-neutral 
soaring, the increase of glider airspeed (AV) gained by crossing the wind-shear layer and 
the gradual loss in a half loop is a function of both the loop period t and the average 
airspeed V. 

A minimum AV (and minimum W) for a given glider airspeed occurs at an “optimum” 
loop period f,,; coinciding with minimum energy loss in a loop (minimum V,t). The 
optimum loop period (fo,:) was obtained by setting the derivative d(AV)/dt of (Eq. A4) 


equal to zero and solving for f. 


_ 27V. /g (A5) 


t oy , 
"MV IV.) 4(VIVY 


Equation A5 indicates that f,,; decreases with increasingly large V. In sufficient wind 
flight faster than the cruise airspeed V, can be accomplished by decreasing the loop 
period toward f,,; and increasing the frequency of shear-layer crossings. Substituting Eq. 
A5 into Eq. A4 provides an expression for minimum AV (and minimum W) for a given V. 
Thus the minimum wind speed Win needed for a given glider airspeed V in energy 


neutral dynamic soaring 1s given by 


7 MV (Vive +Wivy 
W in “WIV V/V.) +VIV) . (A6) 


max 


This equation can be used to calculate the maximum possible airspeed Vax for a given 
wind speed W. Eq. A6 indicates that the absolute minimum Wi, occurs when V = V, , 


and thus the equation for the absolute minimum Win 1S 
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mVerl2 


= VV 


max 


(A7) 


At fast glider speeds >50 m/s and for V, ~ 25 m/s, (V/ Ve >> (V,/ vy and (V,/ vy can 
be neglected. This simplifies Eq. A.5 to 


2nV- 
t,, = aa (A8) 
g 


Substituting Eq. A8 into Eq. A4 provides a simplified expression for minimum AV (and 
minimum W) for V > 50 m/s. Thus the minimum wind speed Win needed for a given 


glider airspeed V > 50 m/s in energy neutral dynamic soaring is given by 


W nin = —_* 
(V/V.) 


max 


(V). (AI) 


This equation can be rearranged to provide the maximum glider airspeed Vinax for a given 


wind speed W 
V/V. 
Vie = OM) max on (W ). (A10) 


Equation A10 indicates that for fast flight (> 50 m/s) the maximum possible average 
airspeed in a Rayleigh cycle is proportional to wind speed. It is important to note that this 
linear relation depends on flying with an optimum loop period. Other loop periods can 
result in a smaller maximum airspeed for a given wind speed. Maximum lift/drag ratio 
(L/D) max 18 approximately equal to the maximum glide polar (V/Vz)max and can be 


substituted into the above equations. 
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The diameter of a loop is given by d = V?/z. Substituting into this equation the 
expression for optimum loop period f,,; in fast flight (Eq. A8) gives the optimum loop 


diameter dopt 


d,. =2V,°/g. (A11) 


Equation All reveals that for fast flight the optimum loop diameter 1s proportional to 
cruise airspeed squared but is independent of glider airspeed. 

The total acceleration of a glider includes centripetal acceleration and gravity and is 
given by the load factor, which equals |/cos@ (see Eq. A3). For fast dynamic soaring, V > 
50 m/s, (2xV/gt)” >> 1, and the load factor is approximately equal to 2zV/gt. 
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Inflatable and Warpable Wings for Meso-scale UAVs 


Andrew Simpson* Jamey Jacob! and Suzanne Smith* 
Mechanical Engineering Dept. 
University of Kentucky, Lexington, KY 


The paper presents work on testing of inflatable wings for unmanned aerial vehicles 
(UAVs). Design and construction of inflatable wings is discussed, along with ground and 
flight testing. Predictions and correlations of the forces required to warp (twist) the wings 
to a particular shape and the aerodynamic forces generated by that shape change are 
presented. The focus is on characterizing the deformation of the wings and development 
of a system to deform the wings inflight. Relations between wing stiffness and internal 
pressure and the impact of external loads are presented. Mechanical manipulation of the 
wing shape on a test vehicle is shown to be an effective means of roll control. Finally, 
damage resistance is shown from results of flight tests. 


I. Inflatable Wings 


A. Introduction 


Inflatable wings are a promising solution for many situations where wings need to be stowed when not in 
use. While inflatable wings are conceptually possible in almost any size and have been developed with spans 
as small as 6 inches for missiles and as large as 30 feet or more for LTAs, the most promising scale as that 
of the medium or meso-scale UAV. Not only does the UAV see the most requested requirements for stowed 
wings, it is this size where weight and volume make the inflatable wing a practical solution when compared 
to folding wing designs. One major drawback to inflatable wing use is the lack of roll control actuators 
(ailerons). This deficiency may be dealt with in several ways, however, including the use of the century old 
technique of wing warping originally developed by the Wright Brothers.! 

The current papers discusses the development and testing of inflatable wings for use on meso-scale UAVs 
with GTOW in the range of 10-50 Ibs. After a review of inflatable wing history, wing design and construction 
is discussed. Mechanical deformation of the wing is demonstrated using photogrammetry and predictions of 
the roll control effectiveness is made. Finally, results of flight tests are presented. 











B. Previous Work 


While the concept of inflatable structures for flight originated centuries ago, inflatable wings were only 
conceived and developed within the last few decades. While lighter-than-air vehicles also include inflatable 
structures, our focus herein is on inflatable structures used solely for lift generation. Various aspects of 
inflatable structures are discussed elsewhere? while a review of inflatable wing and related technologies is 
included in Cadogan et al.? To provide context for the results of this paper, a selection of design concepts 
is included below emphasizing recent developments in inflatable wings. 

Manned aircraft include some of the earliest and most recent uses of inflatable wings. Inflatable wings were 
successfully demonstrated in the 1950s with the Goodyear Inflatoplane (Model GA-468 is shown in Figure 
la and is also on display in the Patuxent River Naval Air Museum). The 6.7 m (22 ft) wingspan aircraft 
was developed as a military rescue plane that could be dropped behind enemy lines to rescue downed pilots. 
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Technology development, including delivery of dozens of aircraft, continued until the early 1970s. More 
recently, the Stingray (Figure 1b) single seat ultralight has been flight tested. Using chord-wise spars, the 





vehicle has a 13 m (42.6 ft) wingspan and 70 m® (2,500 ft?) of internal volume. The developer proposes to 
use helium as the inflation gas to provide an additional lifting component. 





(a) Goodyear Model GA-468 Inflatoplane. (b) Stingray. 


Figure 1. Single seat inflatable wing aircraft. 





Inflatable winged UAVs were developed in the 1970s by ILC Dover, Inc. The Apteron UAV (Figure 2a) 
had a 1.55 m (5.1 ft) wingspan, a 373 W (0.5 hp) engine, a 3.18 kg (7 Ib) gross weight and was remotely- 
controlled via elevons mounted on the trailing edge. The Apteron was successfully flight tested, but was never 
put into production. ILC Dover has since developed numerous inflatable wing designs, including the ones 
presented in this paper.? Flight tests of deployment and low-altitude (800-1,000 ft) glide of the 12000 UAV 
using inflatable wings were conducted in 2001 by researchers at NASA Dryden. The wings were developed 
by Vertigo, Inc. for the Navy as a gun launched observation vehicle. The skeleton of the wing was made 
of inflatable tubes, surrounded with crushable foam to provide the airfoil cross-section. After the aircraft 
was released, the five-foot span inflatable wing was successfully deployed in about one-third of a second. To 
maintain suitable wing strength and stiffness, nitrogen gas pressurization of 1380-1725 kPa (200-250 psi) was 
required.* The deployment is shown in Figure 2b. 











(a) ILC Dover Apteron UAV. (b) In flight deployment of NASA Dryden I2000 inflatable 


wing. 


Figure 2. Previous inflatable wing UAVs. 


C. Inflatable Wings at University of Kentucky 


The University of Kentucky has been working with ILC Dover, Inc. on the development and testing of 
inflatable wings. Two variants have been developed and tested: inflatable only wings that require constant 
pressurization to maintain shape and inflatable/rigidizable wings that harden into a persistent shape once 
inflated. The latter were tested first. UV-curable resins under development for spacecraft applications were 
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considered for the inflatable/rigidizable wings.*.° ® The wings are constructed of a composite material that 
becomes rigid on exposure to UV light. ‘The wings are assembled by sewing woven material to create the 
airfoil and internal baffling. For the inflatable/rigidizable wings, a layered material was used consisting of 
an external containment film, layers of resin-impregnated woven fabric selected for handling characteristics, 
and an internal containment layer. An inflatable urethane bladder is inserted, with long finger-like sections 
filling each baffle of the sewn wing. Figure 3 shows the inflatable/rigidizable wing before inflation and the 
wing while inflated during laboratory testing. This multi-spar design does not use foam spacer material and 
so packs compactly. The inflatable non-rigidizable design is shown in Figure 4. The design is similar to the 
rigidizable version, but does include the impregnated resin and external containment film. 





Figure 3. Non-inflated (upper) and inflated (lower) inflatable/rigidizable wings. 


One potential application directing aspects of the development of inflatable/rigidizable wing technology is 
use on a “Mars Airplane.”? !? Current plans for Mars exploration include smaller Scout missions to expand 
the explored area. One concept under consideration is an unmanned spacecraft launched to Mars to release 
an aircraft designed to fly an exploratory mission over a wider range than a lander/rover and from a closer 
distance than an orbiter. Motivated by the requirement for a minimal packed-volume-to-weight ratio, an 
alternate approach for the proposed folding wing designs is an inflatable composite wing impregnated with a 
UV-curable resin. With this approach, wings are pressurized for deployment then rigidized with exposure to 
UV radiation from the sun. Once rigid, the wings no longer require pressurization to maintain their shape.!? 

Feasibility of these concepts are being tested through a series of high-altitude experiments. The flight 
experiments that validated this technology included three stages: 1) balloon-launched ascent to deployment 
altitude, 2) deployment of inflatable/rigidizable wings and continued ascent to near 100,000 ft, and 3) release 
from the balloon and gliding descent under autonomous control. Note that ground-level atmospheric density 
on Mars is similar to that at 100,000 ft on Earth. Balloon-launched high-altitude experiments to date 
include the first-ever demonstration of inflatable/rigidizable wing technology on May 3, 2003 with successful 
deployment of inflatable wings at 55,000 ft, curing on continuing ascent to 89,603 ft and descent to recovery.!4 

More recent efforts considered tailoring the composite layering design for weight reduction.!+ A second 
demonstration experiment on May 1, 2004 resulted in deployment and curing of the second-generation 
inflatable/rigidizable wings. Figure 5 shows the test article after flight inflation and rigidization at the 
recovery site. Flight characteristics, aerodynamic performance, aerodynamic analysis and wind-tunnel testing 
for the inflatable/rigidizable wings are detailed elsewhere.'?!© A third flight using a Vectran non-rigidizable 
wing was completed on April 30, 2005 and reached altitudes of over 98,000 feet (Figure 6). Since constant 
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Inflated Wings in Fuselage 





Figure 4. ILC Dovers multi-spar inflated wing and packed configuration. 


gage pressure was required to maintain wing shape, the inflation system was designed to vent upon ascent 
and included make-up gas to maintain 185 kPa (27 psig) until landing. 





Figure 5. Recovery of second-generation inflatable/rigidizable high-altitude test article. 


D. Warping Inflatable Wings 


The current research efforts are focused on warping an inflatable non-rigidizable wing to provide roll control 
through wing warping. Inflatable wings were developed by ILC Dover, Inc. which were not impregnated with 
the UV curable resin for use in other applications where higher wing loading is required. Since the wings do 
not harden, constant internal pressure is required to resist flight loads. As the wings are entirely inflatable, 
they do not contain ailerons. Thus, vehicles employing inflatable wings must generate a roll moment by 
other means. However, as the wings are non-rigid, it is possible to actively manipulate the shape of the 
wings to provide this roll moment. 

Another motive for altering the wing shape is to improve the airfoil efficiency. Principally, efficiency is 
maximized by increasing the lift LZ and decreasing the drag D or maximizing the lift-to drag ratio (L/D) for 
any configuration. A given airfoil profile has vastly differing lift and drag characteristics over the possible 
ranges of Reynolds Number (Re) and Mach number (M). Thus, airfoils are typically designed for a narrow 
range of flight conditions. Alternatively, airfoils can be designed that perform adequately over a wide range 
of conditions, but do not perform well in any. By altering the shape of the wing, the L/D ratio can be 
changed across the length of the wing. Assymmetric shape changes generates differential lift between the 
two semi-spans while deforming the semi-spans symmetrically would provide an altered lift distribution that 
could be optimized for maximum L/D. The differential loading scenario can potentially be used to generate 
the required roll moments for the aircraft. 
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Figure 6. Inflatable wing high-altitude test article at 98,000’. 


II. Wing Design 


A. Inflatable Wing Construction 


The inflatable wing is designed such that constant internal wing pressure is required to maintain wing shape. 
High stiffness is achieved with low inflation pressure by maximizing inflated sectional moment of inertia. 
Since the wing is constructed of a flexible fabric material, it can be stowed by folding or rolling. Previous 
inflatable wing designs required high gage pressures to maintain wing shape. This typically requires the use 
of heavy seals and gaskets and thicker than desired wall thicknesses for the wing material. It also means that 
any leak, however small, will result in the rapid depressurization of the wing and loss of structural integrity. 

The present wing design uses the presence of internal span-wise baffles or inflation cavities to help maintain 
structural stiffness at lower internal pressures. The outer wing (restraint) and internal baffles are constructed 
from high strength fibers such as Kevlar. The current incarnation as tested herein is made of Vectran, a 
manufactured fiber spun from Celanese Vectra liquid crystal polymer. The fibers have high-temperature 
resistance, high strength and modulus, and high resistance to moisture and chemicals, with good property 
retention in hostile environments. Since Vectran is porous, a polyurethane elastomer bladder is used to keep 
the internal volume pressurized. Design pressure is 186 kPa (27 psi), though the wing has been successfully 
flight tested at values down to 52 kPa (7.5 psi) with sufficient wing stiffness for low speed applications. The 
wing is constructed in semi-span sections and mounted to a plenum that can the be attached to an aircraft 
fuselage. The wing in both uninflated and inflated states is shown in Figure 4. The wing profile is based 
around a NACA 4318 with a 4 degree incidence angle. The taper ratio is 0.65 with an aspect ratio of 5.39 
and a span of approximately 1.8 m (6 ft). The wing planform and root and tip cross-sections are shown in 
Figure 7. Note the ribbed profile and blunt trailing edge; this is discussed in more detail below. Generally, 
low Re airfoils are designed to have thin profiles.1° Here, manufacturability dictated a thicker profile which 
is typically a poor performer at low Re. However, the airfoil actually has improved peformance in the speed 
regime of interest due to the roughness of the inflated profile, which has been noted in the case of bird wings, 
for example.!”!® This is discussed in more detail elsewhere.!® 











III. Experimental Arrangement 


A. Photogrammetry 


Full deformation measurements were made using photogrammetry. Photogrammetry unobtrusively measures 
spatial deformation of the wing surface. Capturing numerous digital images from a variety of positions, and 
referencing the images to each other allows the accurate generation of a three-dimensional representation of 
the wing surface. High contrast markers are placed on the surface of the wing and referenced in each image 
where they can be seen. The wing was then deformed into a new shape. Changes from the original shape 
to the new configuration can be tracked, as well as hysteresis effects, when the process is reversed. Wing 
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Figure 7. Planform and profile of the inflatable wing. 





surface maps can then be generated and the deflection correlated with the applied force and the internal 
pressure in the wing. 

In order to obtain photogrammetry results, high contrast markers were placed on the surface of the wing. 
Higher concentrations of markers were placed towards the wing tip than at the root as greater movement 
was expected in these areas. The markers were placed in lines from wing root to tip and from leading edge 
to trailing edge and a total of 243 markers were used on the top surface of the wing. Spacing between 
markers was approximately 1 in and each marker was 0.25 in in diameter. Additional lighting was used 
when capturing the images, which ensured maximum contrast. Each image was captured in such a way as to 
encompass all markers and occupy the entire field of view of the camera. An Olympus E-20N 5-Megapixel 
SLR digital camera was used to capture the images for the static measurements. Camera calibration was 
conducted before the image capturing process, to correct for lens distortions. The calibration results were 
then used to adjust the captured images for these distortions. Wing surface maps can then be generated as 
seen in Figure 8 where the wing is loaded under torsion similar to how the wing is deformed in flight. 








Inflatable Ving 





MS Ho Weight 
(OS Tarsisne! Gown | 


o.04-! 


0.02 ~| 


Height (im) 
= 
= 
ha 





| . roogtt oe . ee ee 
Se Ne ee ee 


% Pasiti , 
Y Prasitian (inn osilior (171) 


Figure 8. Wing deflection due to applied torsion. 
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B. Static Deformation 


Due to the novel wing design of the inflatable wing, wing stiffness is a function of inflation pressure, and 
thus aero-elastic behavior is a concern. To examine wing deformation, static load tests were conducted. The 
deflection tests were in three groups; point loads at the wing tip, distributed loading patterns, and torsional 
loads. In addition to simple tip deflection measurements, photogrammetry measurements were made so as 
to determine the deformation of an entire wing semi-span. 

Figure 9 shows the deflection of the inflatable wing with a point load at the wing tip. The point load 
was applied at the thickest portion of the wing (approximately the 1/4 chord), where the wing has the 
greatest resistance to bending. Five point loads were applied (10, 20, 30, 40, and 50 N), at seven different 
inflation pressures ranging from approximately 34-138 kPa (5, 7.5, 10, 12.5, 15, 17.5, and 20 psi). The wing 
tip deflection was measured on a scale at the 1/4 chord. At the most extreme loading case (50 N) and the 
lowest inflation pressure (5 psi), the maximum tip deflection is less than 3% of the span. 

For the distributed loading tip deflection measurements, the wing was set-up in a test stand upside down. 
Weight was applied on the surface in three different loading patterns and at four different internal pressures 
ranging from 69 to 172 kPa (10, 15, 20, and 25 psi). The loading configurations simulated flight loads under 
approximately 1, 2, and 2.5 g conditions. While the magnitude of the deflections change depending upon the 
loading conditions, the qualitative behavior is the same. Response appears to be monotonically decreasing 
with increasing inflation pressure. Even in the most extreme case at the highest loading and the lowest 
inflation pressure, the maximum tip deflection is less than 2% of the span. These results can be seen in 
Simpson et al.2° Note that these two loading cases display similar behavior. 


Tip Daflactian, th 
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Figure 9. Tip deflections for point loading. 


The wing was set-up in a test stand and was mechanically manipulated by applying a tensile force to 
the surface of the wing. Vectran fabric, (the same material as the wing) was bonded to the surface of the 
wing on the top leading edge and the bottom trailing edge of the wing. Both pieces were modified to be 
an attachment point for the tensile members. Thin wire was then attached and drawn taut to the opposite 
side of the wing at the wing base. The attachment point for the top surface wing tip, was 8 in above and 
1 in behind the trailing edge of the wing. This made an angle of approximately 15° from horizontal. The 
attachment point for the bottom surface wing tip, was 8.5 in below and 3 in ahead of the leading edge of 
the wing base. This made an angle of approximately -20° from horizontal. The goal was to induce torsion 
in the wing from tip to root. Force transducers were connected linearly along the length of wire between 
these points. The transducers were connected to a DAQ that enabled real-time force measurement. The 
force transducers were connected to an adjustable tensioning mechanism, which could be used to adjust the 
force exerted. Four inflation pressures were examined: 69, 103, 138, 172 kPa (10, 15, 20, 25 psi). At each 
inflation pressure, five different forces (10, 20, 30, 40, and 50 N) were applied to the wing on both the top 
and bottom surfaces of the wing in conjunction with each other. The deformations were then measured 
via photogrammetry. Individual applied forces or combinations of applied forces were not examined. From 
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Figure 10. Undeformed (upper) and deformed wing (lower). 


measurements of typical twist deformations, seen in Figure 10, span-wise load distributions for baseline, 
maximum and minimum cases were generated and the placed into a lifting line code using as discussed 
below. 





C. Dynamic Deformation 


Dynamic deformation testing has taken two primary forms; smart materials and mechanical actuation. Smart 
materials such as piezoelectric’s and shape memory alloys offer a range of potential benefits; e.g., see Kudva 
et al.24 Piezoelectric materials have been used to alter camber, and deform leading and trailing edges. 
Rapid and controlled actuation of the material makes these materials desirable. However, the substantial 
equipment requirements for operation of these materials hampers flight testing. Shape memory alloys offer 
many alternatives as a wide range of shapes and actuation mechanisms exist. The wing has been warped 
in laboratory tests using nitinol actuators. ‘The wing was placed in the test stand, and the nitinol attached 
to the wing tip trailing edge and fuselage near the root. As shown in Figure 11, the wing experiences 
substantial deformation under actuation. Note that under the current configuration, the trailing edge is 
deflected downward while the leading edge remains in the same location. When measured from leading to 
trailing edge at the wing tip, the twist is an effective increase in angle of attack of 3°. If the deflection is 
measured from the first deformation point (approximately 0.75c), the effective flap deflection is approximately 
16°. 

Mechanical actuators have also be applied to the inflatable wings. High torque servos (Hitec HSC- 
5998TG) mounted beneath the wing root were connected to the wing at the wing tip as outlined above. The 
servos are capable of delivering 14.4 kg-cm (200 oz-in) of torque at 4.8 V and actuated using a standard R/C 
controller. As the actuation was dynamic, photogrammetry could not be employed to monitor the shape 
change of the wings. Rather, videogrammetry was used to capture the dynamic shape changes to the surface 
of the wing. The videogrammetry system comprised of two synchronized Pulnix (M-6710CL) one mega-pixel, 
progressive line scan cameras. The cameras capture images at 120 frames per second. The images are then 
fed into Photomodeler Pro for static and dynamic measurements. The true AoA variations across the wing 
were then placed in a lifting line code to predict the lift from the wings. Figure 12 shows the measured 
AoA variation and the predicted lift generated by the variation for two cases. The twist in the wings was 
not linear; higher AoA deflections were measured towards the wing tip. Using a = 0°, a, = 0.14/radian, 
ac,=0 = —4° and a tip twist of 16°, results in the lift distributions shown. As seen, substantial positive and 
negative modifications to the baseline distribution are possible. Note that the left hand semi-span produces 
nominal lift while the right hand semi-span produces increased lift as only one semi-span was warped at 
a time in the positive (increasing alpha) direction. From this, change in roll moment coefficient, AC}, are 
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Figure 11. Wing warping using nitinol actuator. 


calculated and shown in Figure 13. Substantial roll control is available with inflation pressures at or lower 
than 20 psi. Above this value, roll control drops significantly. While still non-negligible, adequate roll control 


may not be available for gust response and rapid maneuvering. 
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(a) Inflatable platform. (b) Flight test with warping wing. 


Figure 12. Lifting line prediction for the warped airfoil. 


IV. Flight Tests 


For low altitude flight testing of the inflatable wings, several configurations were constructed and flown. 
Two have been used significantly throughout the low altitude flight tests. The first consists of a PVC fuselage 
with aluminum boom connected to the empenage. This configuration is shown in Figure 14. The second 
consists entirely of a composite fuselage of woven Kevlar fabric providing superior weight and strength. In 
both cases, the wings were mounted directly to the top of the fuselage while multiple tail configurations were 
constructed to test stability and control characteristics. These included a traditional tail, ‘T-tail, and V-tail 
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Figure 13. Lifting line prediction for rolling moment coefficient. 


designs. ‘The tail volumes are typically larger than usual to increase control at low speeds during launch. 
There is no aileron control on the vehicle. 

For each of the test vehicles, several sets of wings were available for flight testing. In addition to sets of 
inflatable wings, simulated inflatable wings were constructed out of styrofoam. These wings were constructed 
with the same profile geometry and planform as their inflatable counterparts, and then weighted down to 
match the final weight of the rigidized wings. The fully inflatable wings have a mass of approximately 3 kg 
(6.6 lbs), including the aluminum plenum used for inflation and mounting. To achieve altitude, the vehicles 
were outfitted with an electric powerplant mounted in a tractor configuration. The motor was an AXI 4120 
brushless motor with a Jeti controller and 24 cell battery providing up to 70 A of current. At an output of 
16-20 cells and with a rated motor efficiency of greater than 82%, this provided up to 549 W of power to the 
propellor. Various sized folding propellers were used as needed. 

To date, over 50 low altitude flight tests of various configurations have been conducted. These tests have 
been conducted with three goals in mind: (i) to evaluate aerodynamic performance of the morphing wings in 
realistic operating conditions, (ii) determine the handling characteristics of the aircraft, and (iii) to obtain 
appropriate feedback gains for use in an autopilot system. While aerodynamic performance closely matched 
that seen in the wind tunnel, handling characteristics are discussed in detail here. In general, the vehicles 
were very stable and exhibited slight Dutch roll at take-off due to the high dihedral. 


Tail Currier 
oe 





(a) Inflatable platform. (b) Flight test with warping wing. 


Figure 14. Flight platform and picture from flight test with wing warping. 


The present vehicle employs a crude wing warping system. A standard R/C servo delivering 14.4 kg/cm 
(200 oz.-in.) of torque at 4.8 V, warps the wings. This is achieved through a pulley system attached to the 
fuselage. The servo is mounted on the tail boom located under the trailing edge of the wing on the fuselage 
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centerline. Nylon lines are run from the servos to attachment points (similar to those used in the experiments 
above) on the pressure surface of the wing at the wing tip. As the servo arm rotates, one semi-span is warped 
down as the line tightens, while the other side slacks. ‘Thus in the current configuration, only one semi-span 
is warped at a time. Additionally, the wing is warped down only, resulting in a higher than normal lift on 
the warped semi-span. 

The UAV has been test flown in this configuration as seen in Figure 14b. ‘Two wing warping configurations 
have been flight tested.?°:?? In the first, the roll and yaw of the vehicle were coupled though the R/C 
receiver. Qualitative flight stability was greatly improved as compared to the unwarped case. In the second 
configuration, the vehicle was flown without coupling the roll and yaw. Roll control was adequately provided 
by the wing deformation. Unfortunately, the UAV did not have any onboard sensors, thus roll rate could not 
be measured and correlated to servo position. A roll rate sensor has since been developed which is capable 
of measuring roll rate, pitch rate, longitudinal acceleration, lateral acceleration, and servo position. The 
results from these test flights can be used to correlate servo position (and hence wing deformation) to roll 


rate. Preliminary results of the flight testing of the UAV and the sensor payload with wing warping were 
23 








presented elsewhere. 
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Figure 15. Roll response with servo step input. 


Figure IV shows the result of a flight test using the onboard sensor, thus the roll rate of the aircraft should 
respond to the wing warping. Figure IV shows the response of the aircraft to a step input; a nearly constant 
increase in roll rate (or constant roll acceleration) results, and a steady state roll rate of approximately 
160°/s is seen after approximately 3 seconds. Once the servo input has been removed, the roll rate reverses 
until the aircraft stabilizes itself. Due to a slight asymmetry in the wings, a constant roll acceleration of 
approximately -0.75°/s? is seen without active input. 

Considering only a single degree of freedom and neglecting roll due to rudder deflection and sideslip, this 


is simplified to 





I b 
PS 7 Cty S77 ~ Ch; ba = 0 
where p is the roll rate in radians/sec, I; is the moment of inertia in roll, Cj, is the roll damping coefficient, 
Ci;, 18 the control power coefficient, and dq is the effective aileron deflection in radians. For a given flight, 
flight parameters include q, S, 6, U and I,, while measurable variables include p and p. At initial lateral 


control input, we can write 


. C15, 0aqSb 
a 


day 
while at steady state we have 
pb _ =O. da 
20-—CO, 


The dimensionless roll-rate, pb/2U, is approximately 0.25. With a reported value of I, = 0.57 kg-m?,° 
one can find that Ci; da = 0.0013. Using the laboratory measured value of dq = 16°, we estimate values 
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of Ci;, = 0.0047 and C;, = 0.0051. This compares favorably to the predicted value of Ci,, = 0.0053 from 
McCormick.?4 


V. Conclusions and Future Work 





Inflatable wings have been demonstrated as viable alternatives for meso-scale UAVs in both lab and flight 
tests. In particular, handling qualities and maneuverability have been demonstrated using wing warping 
across a wide range of inflation pressures. Substantial roll control is available with inflation pressures at or 
lower than 20 psi. Above this value, roll control drops significantly but is still non-negligible; thus, adequate 
roll control may not be available for gust response. While not discussed herein, there are aerodynamic 
benefits at low Re due to the unique wing profile.?° 7° 
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Figure 16. Comparison of damage rates of various components during flight tests. 


Figure 16 shows the comparison of damage rates of various components during flight tests. While damage 
was determined using a broad definition including adjustment, repair, or replacement of component parts 
in the field prior to subsequent flight tests, the results show that the wings are extremely damage resistant. 
The inflatable wings have even survived serious crashes that have resulted in the near total destruction of 
the vehicle. Thus, vehicles requiring high damage tolerance may benefit from such wings. 

Further work is required in numerous areas. The current wing warping system is crude and a more elegant 
solution is currently being developed. In the present work, only symmetric wing warping is demonstrated. 
Antisymmetrically warping the wings will provide greater roll authority and hence greater maneuverability 
of the UAV. Finally, all warping strategies need further wind tunnel and flight testing to experimentally 
verify the improvements in lift and in flight deformation. 
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Efforts are continuously being made to find simple ways to convert wings of aircraft from 
an clficient cruise configuration to one that develops the high lift needed during landing and 
takeoff. The high-lift configurations studied here consist of conventional airfoils with a trapped 
vorlex over the upper surface. The vortex is trapped by one or two vertical fences (hat serve 
as barriers to the oncoming stream and as reflection planes for the vortex and the sink thal. 
forme a separation bubble on top of the airfoil. Since the fuil three-dimensional unsteady flow 
problem over the wing of an aircraft is so complicated that it is hard to get an understanding 
of the principles that govern the vortex trapping process, the analysia is restricted here to the 
low field illustrated in the first slide. It is assumed that the flow field between the two end 
plates approximates a streamwise strip of the flow over a wing. The flow between the endplates 
and about the airfoil consists of a spanwise vortex located between the suction orifices in the 
end plates. The spanwise fence or spoiler located near the nose of the airfoil serves to form 
a. separated flow region and a shear fayer. The vorticity in the shear Jayer is concentrated 
into the vortex by withdrawal of fluid at the suction orifices. As the strength of the vortox 
increases with time, it eventually dominates the flow in the separated region so that a shear 
or vortical fayer is no longer shed from the tip of the fence. At that point, the vortex strength 
is Rxed and its location is such that all of the velocity contributions at its cenler sum to zero 
thereby making it an equilibrium: point for the vortex. This presentation describes the results 
of a theorelical analysis of such an idealized! flow field. 
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This slide presents a two-dimensional idealization of the experimental configuration pre- 
sented tn the previous slide that will be tsed in the theoretical analysis. A large trapped-vortex 
bubble is shown over the airfoil to emphasize the fact that the analysis is most interested in 
those configurations wherein the vortex bubble covers a large fraction of the upper surface of 
the airfoil. Ifsuch a flow field can be established, the lift enhancement by the trapped vortex is 
substantial cnough to yield lift coefficients that are in the range of the value, Cr = G. shown in 
the slide. The two-dimensional flow field is assumed to be inviscid and incompressible so thad 
it can be represented by potential flow theory. Conformal mapping techniques can then be 
used lo develop the desirec! flow-field configuration from the flow about a circular cylinder. A 
substantial advantage of the conformal mapping technique is that it yields directly the location 
of the equilibrium point for the center of the vortex/source combination, the circulation, I, 
of the vortex, and the source strength, 17. Knowlege of I’ and 1jz then yield the lift due to the 
trapped vortex and the crag attributed clirectly to the trapping process which is designated 


hy Ca. As indicated in the slide. the flow is assumed to depart smoothly from the dip of the 


fence and from the trailing edge of the airfoil in order to satisfy the Kutta condition al. those 
locations. | | 


Vhe single fence case was first studied, Ref. 1, in order to gain an understanding of the 
nature of the fow field and to obtain an estimate of the magnitude of lift enhancement that 
can be achieved hy ineans of a trapped vortex. 


Ref. |: Rossow. Vernon J.. “Lift Enhancement by an Externatly Trapped Vortex”. AIAA 
Journal of Aircraft, Vol. 15. No. 9, Sept. 1978. pp.b18-625. 
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The results presented here for the single fence case illustrate the location of Lhe cqui- 
libriwm potat for the vortex /source combinations for several different fence lengths and lft 
cocllictents, [is to be noted that the lift coefficient has been specified bul the downstream 
extent of the vortex bubble has not heen Axed. [It was assumed that the length of the fence 
and location of the equilibrium point would be enougl: to fix the size of the voriex bubble. 
llowever, when experiments were conducted in a water channel, it was found that a trapped 
vortex could he formed in some cases but that a large amount of fluid had to be withdrawn 
froin the center of the vortex,to not only form the vortex hut also to sustain it. This result 
was predicted by the theory through the magnitude of the sink required to achieved an eqqui-- 
librium condition at the center of the vortex. Not immediately apparent is the fact that the 
sink How also respresents a drag that is attributable to the vortex trapping process. It was 
then reasoned that not only is the drag undesirable, but a large amount of fluid moving along 
the vortex core can disrupt the vortex formation and, if large enough, can actually occupy thie 
entire trapped vortex region at spanwise stations near the wingtip where the core Now spills 
inte the free stream. Research was then started on finding ways by which the mass flow al 
the souree/vortex location could be made to vanish, 
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A mechaniant whereby the source flow can be made to vanish and still have an equilibrium 
poinl. for tle vortex is illustrated here, The two-fence trapped-vortex configuration in the lower 
part of the figure is divided into three separate flat-plate boundaries. In the first, the horizontal 
(lat plate serves as a reflection plane with an image vortex below the surface which induces 
an upstream velocity on the vortex that is exactly equal to the oncoming free-stream velocity. 
This configuration yields an equilibrium: potnt without a source but requires a fence of some 
sort Lo promote the formation of the vortex. A fence upstream of the vortex provides the shear 
layer trenlioned previously that builds the circulation in the vortex. The vertical hotndary 
also Induces an upward velocity through the influence of the image vortex necded to make 
he surface a streamline. The upward velocity due to the front fence needs to be offset by a 
sink localed beneath the horizontal plane if some other actifice is not used to bring about an 
eqnilibrium: condition. Such an artifice is available as a fence clowustream of the vortex. As 
indicated in the figure, the image vortex for the rear fence induces a downward velocity on 
the vortex. Therefore, if the vortex to he trapped is midway between lwo vertical surfaces of 
aboul the same size, an equilibrium condition is achieved for the vortex without the presence 
of a source or sink. : 


Uhe twa-fence concept does several things for the flow field. First, it makes it possible to 
trap a vortex at ifs equilibrium location without the use of a source or sink. The front fence 
serves as al upstream fimit on the drapped-vortes flow field and as a means for revert 
a shear layer that supplies vorticity to the vortex. The second fetce serves as a downstream 
limit. on the size of the vortex bubble and as a reflection plane for the vortex so thal trapping 
can be achieved without the need for a source or sink. Since a source or sink is not required 
for the establishment of an equilibrium point. the drag duc to vortex trapping is negligible 
which means that efficient lift enhancement has been achieved. Another big advantage is thal 
the flow along the core of the vortex is also negligihle making it much easier to establish and 
maintain the vortex flow field. Mass removal from the core is then only necessary to establish 
the vortox aud to remove low energy fluid generated by viscous losses. 
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Before proceeding to airfoil-type trapped-vortex configurations, consider the simple case 
wherein a vortex is trapped over an infinite plane. As mentioned previously, a source is not 
needed in order to achieve an equilibrium condition. In practice however, fences are needed! 
lo fix bhe upstream and downstream extents of the vortex bubble and to provide a separated 
flow region with a shear layer to supply the vorticity that builds into the circulation for the 
vorlex, Pences can be added to the flow field without disturbing the equilibritun conclition or 
the streamline pattern if Lhe fences are placed upstream and downstream of the vortex on the 
aurftace of the vortex bubble as shown in the lower part of the figure. If the fences are thin and 
fit, or conform to, the surface of the vortex bubble, the flow field characteristics are unchanged 
hy addition of the fences. A number of the solutions to be presented will be noted to have 
only one fence that is flat and that is needed to make 71 = 0. The other fence ts assumed (o 
he of the conforming type that fits the vortex bubble so closely that no appreciable change in 
the flow field is brought about. 





location 
a Image and physical streamlines for trapped vorter flow field. 


b. Fences fore and aft that conform to shape of vortex separation bubble. 
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The procedure that was used to calculate the trapped-vortex flow field over an airfoil 
wherein a source or sink is nol needed ts ikustraled in the figure below. The first slep in the 
procedure is to calculate the flow field when only the front and rear stagnation poiuls of (he 
vortex bubble are specified. Tn such a case. the vortex bubble is assumed to have conforming 
fences that do not interfere with the equilthrium condition. Under those conditions, fa sink is 
required in order to achieve an equilibrium condition for a source/vortex coinbination as shown 
in the upper figure, the height of the rear fence (which is approximately flat) is incroascd in 
ateps until the sink How is negligibly small. The sink flow is highlighted in the upper figure 
by cross-hatcling the streamtubes entering the sink. When the proper height of the flat plate 


rear fence has been found by such an iterative process, it is retained as the most effictent. or. 


We = 0, solution for a vortex bubble of a specified size and location on an airfoil al a given 
angle of altack, Conversely, ifthe flow fteld solution for the conforming-fence geometry had 
required a source rather than a sink. the height of a Mal front fence would have been increase 
null 27 = 0. The foregomg procedure was used to obtain all of the am: = 0 lrapped-vortex 
solutions presented here. 
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ln order fo obtain a data set of solutions that can be used to study the characteristics 
of airfotls with trapped vortices, a sequence of 232 = 0 cases were calculated for the flow over 
au NACA 4492 (or Clark Y) airfoil at augles of alftack from a = —4% through w= +127 in 
inevements of 2°. Since the streamlines for tde various solutiona do not change very much, 
only the solutions for a = +4° are presented on this slide. The various solutions differ from 
one another in that the size of the trapped-vortex bubble increases gradually from zero to a 
nize. that nearly covers the entire upper surface of the airfoil. It could be imagined that the 
sequence of figures represents a streamwise cross-section of the flow field as the wing ia changed 
from its cruise configuration (i.e., no vortex) to the vortex-bubble size (and lift) needed for 
landing. Conversely, when the aircraft takes off. the fences are first deployed so as to clevelop 
the size of trappedd-vortex needed for high lift. As the aircraft becomes airborne and increases 
iis flight velocity, the fences are changed so that the vortex bubble shrinks in size progressively 
undil ibe cruise configuration is achieved. 
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The various characteristics of the trapped-vortex airfoils are now presented. The lirst 
parameter Hustraied is the height of the flat fences used to bring about. the a = 0 condition. 
The parameters that are used lo define the chordwise extent of the vortex bubble are shawn 
in the inset figure. The chordwise beginning or front of the bubble, ry, is taken as the 
intersection of Che hudyble or fence surface with the upper surface of the airfoil. Similarly, the 
rear or downstreain end of the vortex hulble. :c,.. is defined as the point where the hbuebhile 
surface intersects the surface of the airfoil. It is uoted that a flat fence length of about O.1e 
is required in order to obtain a vortex hubble that covers 26% of the airfuil. A at fence 
length of about 0.2¢ produces a vortex bubhle that covers about half of the airfoil surface. 
This figure and the previous one clearly show that the size of the vortex bubble is largely 
controlled by the spacing between the front and rear fences. The height of the fences that are 
flat and do not confornt to the shape of the vortex bubble govern the magnitude of the souree 
or sink needed for equilibrium and are used to make 1 = 0. Conforming fence portions of a 
certain length will likely also be necessary in practice to produce the shear layer needed for 
the development of the vorlex and to control the physical limits of the vortex bubble. The 
present study does not include a study of the size of conforming fences that are needed. 
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The lift, coeffictent developed by the various trapped- vortex configurations is presented 
on this slide for the range of vertex bubble sizes that were studied. It is voted that the ffl 
increases slowly at first as the size of the vortex bubble increases from zero. At the larger 
vortex sizes, the lift changes rapidly with the size of the vortex bubble. Also to he noted is 
thal nol all of the curves end at the large vortex bubble sizes. The compulations indicate 
that th ts nol. possible to find an equilibrium point for m7 = 0 in certain cases. Aldhough a 
physical reason for the solution failure was not found, it seems reasonahle that fence heights 
above certain values should not be possible solutions because the fences begin to interfere 
with the vortical flow field and cause it to become too distended in the vertical cirection. An 
explanation or criterion for the fence lengths above which solutions can no longer be fount 
was nol. found. 


Even a casual look at the curves of lift as a function of bubble size suggests that (he 
curves are about of the same shape and that they might possibly collapse to a single curve if 
the Tif increment due to the (rapped vortex is plotted ag a function of the size of the vortex 
bubble. (2, —wy)/e. Those results are presented on the next slide. 


LIFT COEFFICIENT AS A FUNCTION OF VORTEX BUSBLE SIZE 
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The data on the previous slide collapses to a single curve only for the smaller values of 
(vp, — ay ic. As the vortex bubble size increases the differences hetween the curves increases, 
even though the curves all lave about the same shape. Manipulation of the various parameters 


might provide a better correlation of the data but was not tried. 
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lnorder to cemonstrate that the lift responds in the conventional way to angle of attack, 
(his slide presents Che Tift produced as a function of angle of attack for various sizes of the 
Lrapped-vortex bubble. It is noted that the varlation of Jift with augic of allack for duahble 
sizes that are 60% or less of the chord are approximately linear with angle of atlack. The 
alope of Lhe Tift curves increases with increasing size of the vortex bubble but uot dramatically, 
These results tndicate that trapped-vortex airfoils have a conventional response to angle of 
attack. The fignre also provides an estimate of the reduction in angle of attack that can he 
achieved by adding a trapped vortex to the flow field over the airfoil. For example. aslilition 
of a trapped vortex that covers 26% of the airfoil, permits about a 4° reduction in angle of 
aifack for a given section lift coefficient. 
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The pitching moment about the guarter-chord location is expected to vary greally when 
the voriex bubble is large and moves aft. Even though an attempt was made to keep the 
center of the vortex bubble at. ahout the same chordwise station, the pitching moment ts secu 
lo become quite large. Latitude is available, however. for placing the vortex bubble fore or aft 
on the airfoil to influence the pitching moment-see next slice. 
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fn this particular sequence of trapped-vortex cases, the size of the trapped-vortex biudible 
is hetel approximately constant as the choridwise location of the hubble is move aft in a series 
of steps from a very forward location. The cases presented Hlustrate some of the latitude (hat 
is avaiable for manipulating the characteristics of the airfoil. 
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The characteristics of Lhe lrapped-voriex cases presetited on the previous slice are sumn- 
marized here. As expected, the pitching moment can be made as small as desired by moving 
the vortex bubble forward. The lift generated by the trapped vortex does decrease with the 
mere forward location hut not disastrously. The mininuo height or length of the flat fences 
also changes a bit with the location of the trapped vortex but not by a large amount. 


AIRFOIL CHARACTERISTICS FOR RANGE OF 
CHORDWISE LOCATIONS OF VORTEX BUBBLE 





1805 





1806 


The foregoing slides provide an overview of the characteristics of one airfoil shape which 
has its fit enhanced by a trapped vortex flow field. Results for other airfoil shapes will differ 
tn delail but will genenerally have inuch the same character. This information provides the 
begining steps ia the felfillment of the objective of the research which is to Aud the necessary 
ane sufficient conditions for vortex trapping. Not only should the vortex trapping be efficicul 
and effective for two-dimensional (or airfoil) situations but also in the three-dimenstonal or 
wing situations. Furthermore, the trapped-vortex configurations should be efficient, casy to 
produce and maintain and not too onerous to implement on actual aircraft. With these 
gvicelines for the research program, it is concluded from the investigation presented here 
tial vortex trapping in two-dimensions is reaching a point of good understanding. More 
detailed studies not only with conformal mapping methods but also with other methods nerd 
lo be carried out to fill out the characteristics of trapped-vortex airfoils. As noted in the 
items listed] below, the most pertinent contributions of the present stucly to date include the 
introduction of a second fence ta help control the characteristics of the trapped-vortex flow 
field. fa particular, the use of fence curvature and height to bring about the equilibrium or zero 
veloctly condition at the center of the vortex with negligible mass removal from the vortex core 
makes the trapped-vortex high-lift concept an efficient one. In this way the two-fence concept 
provides the uecessary tools in two-dimensions at least for producing efficient easily forntable 
high {18 sirfois. Phe other conchisions listed helow are cssentially self explanatory. [t shoule 
he remarked, however, that the steps from two- to three-dimensions will require sone good 
ideas if the trapped-vortex flow fields are to be realized on real wings wherein only the local 
flaw fiekls are used as Lhe suction needed for evacuating the vortex core. The special suction 
orifices used i two dimensions will not then be needed. Encouragement is provided however, 
by the saecess achieved with the two-dimensional resulta and i is believed that comparable 
success chi be achieved with three-dimensional configurations. 


CONCLUSIONS 


1. TWO DIMENSIONAL RESULTS INDICATE THAT TRAPPED 
VORTICES CAN PROVIDE LARGE AMOUNTS OF LIFT 
ENHANCEMENT. 


2. AN UPSTREAM AND A DOWNSTREAM FENCE APPEAR 
TO BE NECESSARY PARTS OF THE TWO-DIMENSIONAL 
TRAPPING PROCESS. 


3. FENCE HEIGHTS MUST BE ADJUSTED SO THAT SOURCE 
STRENGTH IS ZERO IN ORDER TO PROMOTE VORTEX 
FORMATION AND TO REDUCE DRAG. 


4. ADDITIONAL DESIGN GUIDELINES WILL NO DOUBT BE 
NEEDED FOR VORTEX TRAPPING ON WINGS IN THE 
FULL THREE-DIMENSIONAL ENVIRONMENT. 


Session XIII. Supersonic Laminar Flow Control 
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Toroa / royal albatross 


Native birds 


A toroa in flight is an unforgettable spectacle. The toroa or royal albatross is a graceful giant with a wing span of 
over three metres. Renowned ocean wanderers, they travel vast distances from their breeding grounds to feed 
— as much as 190,000 kilometres a year. They breed mainly on remote islands and spend at least 85 percent of 
their lives at sea, landing on water to feed or sleep. Along with the wandering albatross, royal albatross are the 
largest seabirds in the world. 

There are two species of royal albatross, southern and northern. The southern is slightly larger than the northern. 
At sea it can be distinguished from the northern by its white upper-wings with black edges and tips, whereas 

the upper-wings of the northern are completely black. Both species have a black cutting edge to their upper 
mandible, which sets them apart from adults of the closely related wandering albatross. Juvenile royal albatross 
have black flecks on their upper-parts. 

Toroa have great spiritual significance to many iwi. For example Moriori of the Chatham Islands wear plumes 
(raukura) of hopo (the local name for toroa) to signify their allegiance to the pacifist principles of the chief Nunuku 
Whenua. Taranaki Iwi likewise wear toroa feathers to signify loyalty to the Parihnaka prophet Te Whiti O Rongomai, 
a pioneer of non-violent civil disobedience. 


Auckland and Campbell islands, which are among the 
world’s most important seabird sanctuaries. 

Toroa breed only in New Zealand waters. The northern 

species nest on the Chatham Islands and at Taiaroa 

Head on the Otago Peninsula, one of only two places 


in the world where albatross breed at a mainland site. 
The southern species breeds on the subantarctic 


Royal albatross range throughout the Southern Ocean 
and are most commonly seen in New Zealand coastal 
waters during winter. 
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Did you know? 


Birds have been 
banded on Campbell 
Island since the 
early 1940s. Bands 
returned from dead 
and live birds caught 
at sea or found on 
beaches show a 
migration of young 
birds and non- 
breeders to southern 
South American 
waters and back 

to New Zealand. In 
other work, satellite 
transmitter packages 
developed by French, 
British and Australian 
researchers were 
used to track the 
birds’ flight paths. 
Signals were 
monitored by satellite 
and the information 
used to learn more 
about the birds 

while at sea. One 
bird travelled 13000 
kilometres during a 
two-week foraging 


trip. 











e While royal albatross may be graceful in flight, their 
large size makes them appear clumsy on land as 
they doggedly walk from their nests to exposed 
sites to take off into the wind. 


¢ Royal albatross usually mate for life, despite long 
separations at sea. Established pairs return to the 
same nesting area each time they breed. 


¢ Toroa spend most of their lives at sea, returning 
to land only to breed and raise their young. They 
start breeding at around 6-10 years old, each pair 
raising one chick every two years. 


e Toroa are some of the longest-lived birds in the 
world, regularly living into their 40s. One bird at 
Taiaroa known as ‘Grandma’, raised her last chick 
at the age of 62! 


Royal albatross males arrive at the nesting site first 
to prepare the nest. Both birds share incubation 
duty in spells of two days to three weeks (eight 
days on average) over a period of about 11 weeks 
— one of the longest incubation periods of any bird. 
After making a hole in the tough shell, chicks take 
about three to six days to finally emerge from the 


egg. 


e When the chick has hatched, the parents take 
turns at guarding and feeding it for the first five or 
six weeks. Chicks are then left unguarded, except 
for feeding visits, until they fledge at about eight 
months. After a successful fledging, the parents 
will leave the colony and spend the following year 
at sea before returning to breed again, completing 
a two-year cycle. If the pair fails to breed they 
may return in consecutive years until they are 
successful. 


e When a chick is fully fledged, it will stretch its wings 
and with the help of a large gust of wind, take off 
for its first major voyage. Young albatross spend 
several years away from New Zealand feeding in 
South American waters. 


e Adolescents return to look for a mate at 3-8 years 
of age. They gather on ridgelines where the male 
birds display their virility by stretching their wings, 
throwing their heads up and screaming raucously, 
while admiring females gather round and take part 
in elaborate courtship rituals. Sound familiar? 


e Although they eat some fish and other marine 
creatures, royal albatross feed mainly on squid 
plucked from the sea. 


Their slow reproduction rates, changes in habitat 

and climate and some fishing practices make toroa 
vulnerable. They have declined to the extent that they 
are listed as endangered by the International Union 
for the Conservation of Nature (IUCN) and ‘nationally 
vulnerable’ by the Department of Conservation (DOC). 


A storm on the Chatham Islands in 1985 destroyed the 
albatrosses’ nesting habitat, reducing the percentage 
of nests producing fledglings to as low as 3% in 

some years. There are encouraging signs that their 
population may be recovering from this event. 


Chatham Islanders have traditionally harvested royal 
albatross. However, since 1921 the birds have been 
fully protected. DOC is working towards a cooperative 
relationship with the traditional owners of the breeding 
islands that combines research with conservation. 


Long-line fishing, drift-netting and trawling are a 
threat to a lot of seabird species. Many albatrosses 
discover that fishing vessels offer an easy food 
source and will follow boats to feed on fish bait and 
discards. They may take the food without coming to 
any harm, but some get caught in fishing gear. While 
most fishing boats catch very small numbers of royal 
albatross, scientists are concerned that because 
there are so many fishing boats around the world, 
the total numbers caught may be having an impact 
on some albatross populations. The New Zealand 
fishing industry is strongly supporting DOC initiatives 
such as Southern Seabird Solutions, which promote 
better fishing practises that do not catch seabirds. A 
combination of regulation and innovative techniques 
such as bird-scaring lines, weighted lines, underwater 
bait-setting devices and retention of offal can reduce 
the by-catch of albatrosses. 


A convention prohibiting fishing with long drift nets in 

the South Pacific was signed in New Zealand in 1989 

and entered into force in 1991. This paved the way for 
a United Nations resolution in 1991 calling for a global 
moratorium on long drift nets on the high seas. 


Thousands of seabirds die in the northern hemisphere 
each year from swallowing small pieces of plastic. 
Although it is thought to be less of a problem in New 
Zealand, regurgitated plastics are often found beside 
royal albatross nests on Campbell Island. 
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Certain fishing practices, such as longline fishing, 
trawling and drift netting, are a major threat to many 
seabird species. You can help by writing a letter to 
authorities around the world encouraging them to 
change unfriendly fishing practices in order to help 
these birds. 
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For further information about the royal albatross, visit 
your local Department of Conservation office or the 
DOC website at www.doc.govt.nz. 


A. Maloney 
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Summary 





¢ A brief introduction to ModeFRONTIER 


¢ Description of MOodeFRONTIER direct interface for STAR-CCM+ 


¢ Application problem definition 


¢ Optimization results 
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is an integration platform for multi-objective 
optimization, automation of design processes 
and analytic decision making providing 


seamless coupling with engineering tools 
within various disciplines 
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ESTECO started in 1999 as a University spin-off. 


modeFRONTIER was the first commercial tool that allowed a MULTI-OBJECTIVE 
optimization applied to ANY engineering design area 


Now modeFRONTIER is used worldwide 


modeFRONTIER modeFRONTIER modeFRONTIER modeFRONTIER modeFRONTIER 
v.1 v.2 v.3 v.4 v.5 
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Traditional Design Optimization Approach 


Initial Parametric Design Objectives 
Configuration models and Constraints | 
simulate —| y Y 4 


Modity 
Configuration 
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Evaluate 
Results 
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Optimal trade-off 
Solution 
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The Concept behind modeFRONTIER 


Scheduler: 
(DOE, optimization algorithms...) 


= yj wode FRONTIER 
a" 


The Black Box: 


Input Variables: (ADAMS, ANSYS, GT-Suite, etc.) Output Variables: 
Entities defining the Measures from the 
design space. system 





modeFRONTIER can be coupled with most software (CAD, CAE or general application tools) and it 
enables the simultaneous use of a number of such software packages even on different machines 
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Response Surface Tool Statistical Analysis Multivariate Analysis 
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Direct interface with STAR-CCM+: how it works 





¢ Input parameters (simulation or geometry modeled within) are automatically introspected 
¢ Available output results are automatically introspected and can be selected 
¢ Optimization variables nodes are automatically created in the workflow 


¢ Optimization can be run changing the inputs and optimizing the selected outputs 
ax) 
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¢ Optimization setup with external CAD and Optimate (STAR-CCM+) 


Inputs 
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The boomerang return is due to its interaction with the air that makes it work as a gyroscope. 
There are two kind of precessions: 

¢ @, responsible for the boomerang return 

¢ ©), responsible for the boomerang plane of rotation change 


To simulate accurately its trajectory, it is necessary to write its equations of motions, in which aerodynamics 
coefficients must be provided updated at each time step (since angle of attack and velocity changes) 
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hy Fy bk; external forces components 





(o a% T,, , Ty , T, external torques components 
1 Zz fe 
F = (Fest an V boomerang center of mass velocity 
| Y boomerang angle of attack 
| = —(F sin¥ — F cos®)+ 
Rees 
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Purpose of this study is to find a boomerang geometry and a set of launching parameters 
in order to: 


¢ 1. Minimize energy required for the launch obtaining a minimum launch range (>14m) 


¢ 2. Maximize the accuracy of return 
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4 CAD parameterization \ 
A candidate boomerang geometry is“ 
proposed 


STAR-CCM+ analysis 
Boomerang aerodynamic coefficients are found 
for 12 different angles Y and speed U 










| RSM analysis 
| The 12 samples are used by mF to extrapolate 
| aerodynamic coefficients for any (2 UD) pair 
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CAD CFD RSM Matlab - tuning 


Input_Variables 


mF_batch_prj scripts to _create_rsm 
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DOE SIMPLEX CAD model create_Matlab_RSM launch_parameters_tuning Exit 
Vv Ws EXIT 
peo F Fs =a = ae | 
ac ae Ps F >a W 


transf_rsm_c 


>So 





Cm _x c 


5 


y Cm z I3 


volume 
Vv 


y 7 Vv V V 
Ld, Ld, Ll Ll Li, Ld, Range Energy Accuracy 
6 O O O O O ei 


me 
O oO 


Constraint_Instability 
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The main objective is to find a boomerang geometry which minimizes the Energy required for its 
thrown, satisfying at the same time a constraint on the range 
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The boomerang shape is modified by a CAD parametric model CAD 
9 geometry parameters have been considered, including: 


¢ Blade profiles (9 Bezier control points) 
¢ Dihedral angle 
e Angle between arms 











modeFRONTIER sub-Workflow to run STAR-CCM+ samples 


UW angle 
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The main workflow launches for each candidate geometry a new mF workflow that executes a DOE 
of (12) STAR-CCM+ analysis changing the value of angle Y and speed U 





CFD simulation via STAR-CCM+: Mesh 





¢ Two domains are defined: a sohere around the boomerang which rotates with it at each time step of 
its spin (Y, U are fixed), and a fixed domain in the rest of domain 


¢ The mesh (2.5 millions of cells) is polyhedral within the sphere around the boomerang, with prisms 
layers at the boomerang walls, and hexahedral in the rest of the domain 


¢ The STAR-CCM+ General Grid interface is used to merge the two domains 
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CFD simulation via STAR-CCM+: CFD analysis 


¢The two-equations RANS SST (Shear Stress Transport) turbulent model, with wall functions, is chosen 
and a segregated solver with constant density is employed 


¢ A full not-stationary analysis is run over a proper interval of time until the flow becomes periodic (after 
about 5-6 spin periods) 
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RSM 
The set of (12) STAR-CCM+ analysis (yellow points) is used to train a Response 


Surface (Radial Basis Function) available in modeFRONTIER, to extrapolate the 
response for any value of angle Y and speed U 
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modeFRONTIER inner workflow (Follower Optimization 


Launching parameters: 


Matlab - tuning 


launch_parameters_tuning 
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The internal objective for each candidate geometry is to find the launching parameters which 
minimize the arrival distance (returning accuracy) 














modeFRONTIER Optimization Results 


¢Simplex algorithm (39 designs only) is used to find the optimal solutions 
¢ One solution is selected as optimal compromise 


Accuracy 





Energy 
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Optimal geometry 


Optimal launching parameters 


¢ The initial spin is about 4Hz 
¢ The initial velocity is 15m/s 
¢ The tilt angle is about 0° 

¢ The aim is about 20° 
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2 ‘s ¥ ¢ The launch energy is 3.5J 
ie ~~ / UX ¢ The range is 14.5m 
i = a+ ¢ The return accuracy is 1m 
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The boomerang shape optimization here proposed shows how efficiently and powerfully a 
complex and multi-disciplinary optimization problem can be set up in modeFRONTIER 


In particular, the new direct interface with STAR-CCM+ allows to define the automatic 
integration and execution of any STAR model in the optimization workflow 


Any problem of industrial relevance can be optimized with modeFRONTIER, as confirmed by 
many of our customers including many leading companies working with STAR-CCM+ (please 
check www.esteco.com for more details) 
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Order PROCELLARITFORMES 


A rather distinct group of some 80-100 species of pelagic seabirds, ranging in size from huge to tiny and in habits 
from aerial (feeding in flight) to aquatic (pursuit-diving for food), but otherwise with similar biology. About 
three-quarters of the species occur or have been recorded in our region. They are found throughout the oceans 
and most come ashore voluntarily only to breed. They are distinguished by their hooked bills, covered in horny 
plates with raised tubular nostrils (hence the name Tubinares). Their olfactory systems are unusually well 
developed (Bang 1966) and they have a distinctly musky odour, which suggest that they may locate one another 
and their breeding places by smell; they are attracted to biogenic oils at sea, also no doubt by smell. Probably they 
are most closely related to penguins and more remotely to other shorebirds and waterbirds such as Charadrii- 
formes and Pelecaniiformes. Their diversity and abundance in the s. hemisphere suggest that the group originated 
there, though some important groups occurred in the northern hemisphere by middle Tertiary (Brodkorb 1963; 
Olson 1975). 

Structurally, the wings may be long in aerial species and shorter in divers of the genera Puffinus and Pel- 
ecanoides, with 11 primaries, the outermost minute, and 10-40 secondaries in the Oceanitinae and great 
albatrosses respectively. The tail varies in length, being forked in Oceanodroma, forked to pointed in other forms, 
usually with 12 rectrices but up to 16 in fulmars. The tarsi are light and cylindrical in aerial forms; strong and 
laterally compressed with legs set far back in aquatic ones. The front toes are webbed; hind toe small or absent. 
The proventriculus is long and glandular; the gizzard small and twisted; and the small intestine often spiral in 
Pterodroma, presumably to aid absorption of the unusual lipids in their food. Chicks are helpless and covered in 
down, with two coats except in some Oceanitinae. Some larger species have a darker immature plumage, and the 
female is often darker than the male in the great albatrosses. The male is usually larger than the female, though 
smaller in the Oceanitinae and some other small species. Otherwise there is little difference in appearance with 
sex or age, except that young birds may have more pronounced pale or dark edges to the feathers. Many have 
simple counter-shaded markings that often appear to have given rise to uniformly dark or, less often, to pale 
derivatives; some species in most groups are dimorphic or polymorphic. The more complex groups have often 
developed distinctive markings of the extremities. 

Breed more or less colonially on offshore islands, coastal cliffs, or on hills and deserts inland, where they 
perform complex vocal and aerial displays. The nest is a simple scrape or cup in a burrow or natural hole, 
sometimes under vegetation. The s. albatrosses build large cone-shaped nests in the open; may be lined with any 
debris available in the area. Smaller species visit it only at night, though larger ones and those breeding on remote 
islands may come to nests in the open by day. Parents incubate for spells of several days in turn and generally leave 
the chick alone soon after it hatches, only returning at long intervals to feed it by regurgitation. In consequence 
the chick is vulnerable to introduced predators and some species are now greatly reduced and at least two are now 
extinct. Some species also periodically liable to have unsuccessful breeding seasons. Many young or even old birds 
may be wrecked ashore and die when they meet bad weather or suffer shortage of food on migration or in the 
winter. Though it has been claimed that they are also vulnerable to all sorts of pollution, the evidence is weak 
(Bourne 1976). There is at present anxiety about the effect of some fishing methods, such as long-lining, which 
may be endangering species such as the great albatrosses. 

All species feed at sea on a variety of fish, cephalopods and small marine invertebrates, either socially or 
alone; larger species may scavenge all sorts of offal or prey on other birds. Most, except perhaps Pelecanoides, can 
digest the complex lipids formed by some marine animals (Clarke & Prince 1976), and may eject them to soil the 
plumage of their enemies with lethal results (Swennen 1974). Some species can digest wax (Obst 1986). Many now 
take wastes from whaling and fishing operations (Fisher 1952). All have long life-cycles in proportion to their size; 
they disperse on fledging and then prospect for nest-sites for 2-12 years in their youth. They usually lay a single 
large white egg annually; though a successful breeding cycle may be completed in less than a year in at least one 
tropical species, Puffinus lherminieri, it may take 2 years in larger southern ones. Before laying, the birds court for 
weeks or months, then go to sea for feeding. Incubation lasts 6-8 weeks, and fledging 2-9 months. Once the fat 
chick fledges it fends for itself, even in species that immediately make a long migration, sometimes to the opposite 
hemisphere. 

Tendency for failed breeders and non-breeders to begin moult before successful breeders. Five strategies of 
wing-moult in breeding adults: (1) In albatrosses, remiges replaced in staffelmauser interrupted while breeding; in 
nearly all other species, primaries moulted outwards; possibly simultaneously in some diving-petrels. (2) In most 
subantarctic and temperate species, moult begins soon after breeding and is completed shortly before next 
breeding season. (3) In most tropical species, moult aseasonal, between breeding attempts; resumption of breeding 
apparently depends on when moult completed. (4) In trans-equatorial migrants, wing-moult delayed until they 
reach non-breeding quarters, where it is completed; moult rapid but no satisfactory evidence for flightlessness. In 
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some species, body-moult also in winter quarters; in others, at breeding grounds. (5) In some species of high 
latitudes, rapid moult completed in summer when they breed: some begin moult long before breeding fin- 
ished. 

The history of the classification of the Order is very confused, as is seen by comparing Timmermann’s (1965) 
discussion of their Mallophagan parasites with that by Klemm (1969) of their leg muscles and that by Harper 
(1978) of their proteins, but it is now widely agreed that the Order is best divided into four families: Diomedeidae 
or large to huge aerial albatrosses; Procellariidae or medium-sized, mainly aerial but sometimes aquatic, petrels, 
shearwaters and prions; Hydrobatidae or small to tiny, aerial storm-petrels; and Pelecanoididae or small aquatic 
diving-petrels. 
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Family DIOMEDEIDAE albatrosses 


The albatrosses are a small group of some 13-16 large petrels with long wings adapted for gliding flight and with 
long powerful beaks adapted for seizing prey at the surface; nine species breed in our region and one other has been 
recorded as a vagrant. Because they are so large, they must breed in the open, where they walk well for petrels. Most 
s. species build substantial conical nests but n. ones, breeding in warm climates, make only scrapes. Young birds in 
some species have a drab plumage but adults of many species develop bolder markings with brightly coloured 
stripes on the bill, used in social displays when breeding. Three distinct eroups occur in the Southern Ocean but 
the distinction between two is blurred by intermediate forms that occur in North Pacific: 

(1) The great albatrosses are huge, long-winged, long- and pale-billed, short-tailed birds that glide round the 
world in Southern Ocean. Until recently, there were thought to be two species: the more pelagic Wandering 
Albatross D. exulans breeding on most of the subantarctic islands, which is dark with a white underwing when 
young, becoming more or less white with dark wing-tips when adult; and the more coastal Royal Albatross D. 
epomophora, breeding round NZ, which resembles the extreme white adult Wanderer throughout its life but has a 
dark cutting-edge to the upper mandible. A few birds breeding in extreme immature exulans-type of plumage on Ile 
Amsterdam in the Indian Ocean have recently been described as a third species D. amsterdamensis but there is 
continuing debate whether this is justified owing to the occurrence of similar populations in South Atlantic and 
round NZ (Bourne 1989). 

(2) The medium-sized albatrosses Diomedea (Thalassarche), often called mollymawks, are a compact group of 
white-bodied, dark-backed species with brightly marked bills in adults, all five species being found in our region. 
They consist of two comparatively coastal species, the Black-browed Albatross melanophrys with main breeding 
colonies round South America, and the Shy cauta with 3-4 rather well-defined subspecies, sometimes treated as 
separate species, breeding in A’asia. There are also three pelagic species: Grey-headed chrysostoma to the south, 
Yellow-nosed chlororhynchus in subtropical South Atlantic and Indian Oceans, and Buller’s bulleri in equivalent 
parts of South Pacific. 

The differences between Groups (1) and (2) are rather marked and they would doubtless be treated as distinct 
genera if it were not that four other albatrosses with intermediate characters breed in North Pacific: Black-footed 
nigripes with plumage resembling that of sooty albatrosses, though shape differs; Laysan immutabilis with plumage 
like that of the medium-sized albatrosses (Group 2); Short-tailed albatrus with a sequence of plumages rather like 
those of Wanderer, though smaller; and the Waved irrorata with dark plumage except for pale head, neck and 
underwing. Because it is hard to make any clear distinction between these birds they are normally all included in an 
unusually wide genus Diomedea. 

(3) The sooty albatrosses Phoebetria. Two extremely aerial, highly pelagic and rather aggressive or predatory 
species with fairly small bills with a groove along the lower mandible; long wings; long pointed tails; and dark 
plumage; nest on steep places and have vocal aerial displays. 
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General characters are: body, short and broad; head, large; neck, short. Wing, long and narrow, folded in 
three almost equal parts, 11 primaries, p10 longest, p11 minute; up to about 40 secondaries, diastataxic. Tail, short 
and square in Diomedea, longer and wedge-shaped in Phoebetria, 12 feathers. Bill, heavy and composed of several 
horny plates; hooked; nostrils in tubes on either side. Legs, strong; three front toes joined by web; hind toe absent 
or vestigial. Oil gland, feathered. Sexes similar; male larger on average. Plumage mainly white except in Phoebetria, 
in which it is dark grey. Juveniles and immatures generally separable but mostly not very different from adults 
except in D. exulans and D. albatrus; fully adult plumage attained only after several years. Stance upright and able to 
walk much better than most other Procellariiformes. Swim and rest on sea buoyantly with head held high. Feed 
mostly on fish and squid by surface-seizing or shallow diving, but sooty albatrosses also take birds. Follow ships for 
scavenging. 








Fig. 1 Dorsal view of base of bill of small Diomedea 


Fig. la Black-browed Albatross D. melanoprys Fig. 1d Yellow-nosed Albatross, D. chlorohynchos, subspecies bassi 
Fig. lb Grey-headed Albatross D. chrysostoma Fig. le Shy Albatross D. cauta 

Fig. lc Yellow-nosed Albatross, D. chlorohynchos, subspecies Fig. lf Buller’s Albatross D. bulleri 

chlorohynchos 


Long-lasting monogamous pair-bond. Breed colonially, pairs often returning to same site. Defend small nest- 
territories. Perform spectacular agonistic and sexual displays at nest in Diomedea; vocal aerial displays in Phoebetria. 
Eggs, white, minutely spotted reddish. Clutch-size; one; no replacement laying. Incubation by both sexes in long 
alternate spells. Incubation period, 2 or more months. Nestling, semi-altricial, nidicolous; hatched in down. 
Brooded for a short time after hatching; then left alone in nest, parents returning only to feed chick by incomplete 
regurgitation. Nestling period long, up to 12 months, and so in some species successful adults cannot breed 
annually. Young independent on fledging. Maturity reached only after several years. Some populations were 
reduced in the past, notably by egg-collecting, but there appear to be few threats now except that some great 
albatrosses are caught by long-line fishing. 


REFERENCES 
Bourne, W.R.P. 1989. Gerfaut 79: 105-16. 
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Diomedea exulans Linnaeus, 1758, Syst. Nat., ed. 10, 1: 132; based chiefly on ‘The Albatross’ of Edwards, 
1747 — Cape of Good Hope ex Edwards. 


The genus is named after Diomedes, King of Argos, next to Achilles the bravest hero in the Greek army at 
Troy. When he died, his companions were inconsolable and were metamorphosed into birds (aves 
Diomedeae). The specific name refers to the wandering habits of the species (exsulans, living as an exile). 


OTHER ENGLISH NAMES Cape Sheep; Man-of-War Bird; Great Wandering, Snowy or White-winged Albatross. 
POLYTYPIC Nominate exulans Linnaeus, 1758, Tristan da Cunha & Gough L. chionoptera Salvin, 1896, S. 


Georgia, islands in s. Indian Ocean and Macquarie I.; perhaps two other subspecies on Antipodes Is and 
Auckland and Campbell Is (Robertson & Bell 1984). 
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FIELDIDENTIFICATION Length 110-135 cm; wing- 
span 250-350 cm; weight 6-11 ke. Huge full-bodied albatross 
with extremely long wings and short, gently wedge-shaped 
tail; bill, huge and pink with bulbous tip. Similar only to other 
great albatrosses — Royal D. epomophora and Amsterdam D. 
amsterdamensis. Much larger than the black-backed alba- 
trosses (mollymawks). Juveniles have mostly dark plumage 
which gradually whitens over along period. Extent of white of 
breeding adults varies between individuals, sexes and geo- 
graphically (n. populations tend to be darker). Harrison (1979, 
1985, 1987; on which account based) proposed stages of plu- 
mage for field identification; from 1 (darkest and youngest) to 
7 (oldest and whitest). Sexes similar; males average larger and 
whiter than females. No seasonal variation. 
DESCRIPTION STAGE 7. Head, neck and body, 
white; often with pink to orange-pink stain on ear-coverts; 
some with trace of light-grey vermiculations on hindneck and 
saddle. Tail, white; black outer tail-feathers retained on some. 
Upperwing, mostly white with black remiges and scattered 
white patches on mostly black primary coverts; some darker 
patches and mottling on outer-half of inner wing-coverts, cre- 
ating chequered transition between white inner forewing and 
dark trailing-edge and outerwing. Underwing, white with 
black remiges forming thin dark trailing-edge and large dark 
tip. STAGE 1 JUVENILE). Head, neck, body and tail, wholly 
chocolate-brown except for conspicuous white mask. 
Underwing, as adult except for thin black margin between 
carpal joint and base of outermost primary and chocolate- 
brown pre-axillary notch, conspicuous at base of inner leading 
edge of wing. STAGE 2. Like Stage 1 but with white mottling 
appearing on hindneck, saddle, rump, upper tail-coverts and 
centre of inner upperwing behind elbow. Belly and flanks, 
mostly white with brown breast-band and under tail-coverts. 
STAGE 3. Head and neck, mostly white except for brownish 
crown and mottling on sides of neck. Body, mostly white with 
brown and grey vermiculations on saddle and flanks and in- 
distinct breast-band. Tail, white with black sides and tip. 
Upperwing, mainly blackish brown with small whitish patch 
on centre of innerwing behind elbow. Underwing, as Stage 1 
and 2; pre-axillary notch still present but may be paler. STAGE 
4. Like Stage 3 but head and body whiter and breast-band 
paler, greyer and less distinct; tail, whiter with dark sides and 
tips of outermost feathers usually retained. Underwing, like 
Stage 3 but lacks pre-axillary notch. STAGE 5. Like Stage 4 
except head and body mostly white; tail mostly white, usually 
with dark outer feathers. On upperwing, white central patch 
behind elbow linked to white of back, forming white wedge 
extending from body into innerwing, leaving broad black 
leading- and trailing-edges. Underwing, as Stage 4 but black 
leading-edge between carpal joint and base of outermost pri- 
mary, thinner and not continuous. STAGE 6. Like Stage 5 
except dark leading-edge of upperwing heavily blotched with 
white or mainly white; white central wedge extends forwards 
and outwards, merging with white of leading-edge. Unlike in 
Stage 7, usually retain some dark inward of carpal joint, thus 
less white on innerwing; transition between white of forewing 
and dark of trailing-edge and outerwing chequered, as on 
Stage 7. Tail usually retains some dusky markings though 
some birds have wholly white tail. Bare parts of all birds. Bill, 
large, with bulbous maxillary unguis; pinkish horn with 
yellowish-horn ungues forming contrasting paler tip; flushes 
to brighter pink, especially in breeding birds. Nostrils, small, 
on sides of bill, opening slightly upwards. Iris, brown. Legs 
and feet, flesh-pink with bluish-coloured webs and horn-col- 


oured claws. Feet project well beyond tip of tail in flight; 
sometimes tucked forward into belly feathering. 

SIMILAR SPECIES Most likely to be confused with 
Royal Albatross. At close quarters, Royal recognized by dark 
cutting-edge of upper mandible. Head and body always clean 
white except for a little brown mottling on cap of some imma- 
tures (sanfordi only) and black speckling on lower back and 
rump in juveniles; never has brownish body plumage and ver- 
miculations of Wandering Albatross Stages 1-4 nor greyish 
vermiculations of Wandering Stages 5-6 (sometimes 7) that 
give dirty appearance to body. In Royal Stages 2-5, tail en- 
tirely white; in Stage 1, tail mostly white with narrow black 
terminal band, never with dark sides as on nearly all Wan- 
dering. Main confusion lies between Wandering Stages 4-7 
and Royal Stages 1-5 of southern subspecies, which differ in 
progressive whitening of upperwing: in Royal, wing whitens 
from leading-edge of innerwing backwards (in Wandering, 
white patch in centre of innerwing links with white of saddle 
to form white wedge between dark leading- and trailing-edges; 
white wedge then expands forward and outwards, merging 
with white of leading-edge until inner forewing mostly white); 
in Royal, white of inner forewing merges evenly into dark 
trailing-edge by way of white dusting on marginal coverts and 
delicate white fringing to lesser and median secondary coverts 
(in Wandering, transition between white of forewing and dark 
of trailing-edge and outerwing, heavily blotched giving more 
chequered appearance). Separation of Royal and Wandering 
in whitest stages (5 and 7 respectively) difficult because up- 
perwing pattern very similar; apart from diagnostic black 
cutting-edge of bill in Royal, black in tail indicates Wander- 
ing. Subtle distinctions in jizz often helpful: Royal has longer 
bill and more sloping, less angular forehead profile giving 
more rounded, slender-headed appearance (Wandering tends 
to look flatter-crowned with shorter, often pinker bill). Very 
rare Amsterdam Albatross, similar to Wandering Stages 1-3 
but has diagnostic dark-brown cutting-edge to upper man- 
dible, which appears black at distance, and greenish-brown 
ungues, forming dusky tip contrasting with rest of bill. All 
other albatrosses of s. oceans have black backs; are much 
smaller with proportionately smaller bill and shorter wings; 
feet do not project beyond tail; black leading-margin on inner 
underwing. Much greater size, mostly white underwing, white 
mask and pink bill separate brown-bodied Wandering Alba- 
trosses from giant-petrels Macronectes spp and sooty alba- 
trosses Phoebetria spp. 

Circumpolar in s. oceans; adult females, juveniles and 
immatures occur farther N than adult males which tend to 
range in higher latitudes. Occupy wide range of marine habi- 
tats; occur in pelagic waters but also concentrate in shelf- 
break and continental shelf waters. Commonly seen from 
land. Graceful in flight: long sweeping glides and soaring on 
stiff outstretched wings, rarely flapping except in calm con- 
ditions, when flight laboured with deep pliable wing-beats. 
On calm days, spend much time sitting on sea. Take-off and 
flight in light winds, laboured; long run-off before becoming 
airborne, heavy flapping to stay aloft. Feed by surface-seizing, 
occasionally surface-plunging, pursuit-plunging and surface- 
diving. Habitually follow ships; attend fishing vessels, squab- 
bling over offal. Solitary or gregarious at sea. Give harsh 
croaking at sea and croaking, groaning and whining calls at 
colonies. 


HABITAT Marine, pelagic and aerial. In Antarctic, oc- 
cur in open water, rarely entering belt of icebergs (Falla 1937: 


Hicks 1973), but in late summer birds may approach edge of 
pack-ice (Darby 1970); in winter, uncommon § of Antarctic 
Convergence indicating northward shift in distribution (Szijj 
1967). At Iles Crozet, males feed over Antarctic waters; fe- 
males and immatures in Subtropics (Weimerskirch & Jouven- 
tin 1987). Observed over waters with surface-temperatures 
from -2 to 24°C (Bierman & Voous 1950; Grindley 1981); in 
s. Indian Ocean prefer waters of 6.3-7.7 °C (Rand 1963); off 
South America, 8-12 °C Jehl 1973); in South Atlantic Ocean, 
two zones of increased abundance at 0 °C and 9-20 °C (Bier- 
man & Voous 1950). Versatile feeders in shelf or pelagic 
waters; some birds concentrate over shelves off breeding 
islands or continental land masses, in productive waters at 
upwellings and boundaries of currents; others remain in pe- 
lagic waters all year (Weimerskirch et al. 1985). In Antarctic, 
concentrate near submarine plateaux, banks and ridges (John- 
stone & Kerry 1976). In A’asian region, occur inshore, off- 
shore and in pelagic waters (Norris 1967; Barton 1979, 1980; 
Blaber 1986), regularly feeding in sheltered harbours and 
straits (Secker 1969). Gather at outfalls of unmodified sewage 
(Milledge 1977}. 

Breed on subantarctic and Antarctic islands in Indian 
Ocean, Atlantic Ocean and seas S$ of NZ. Nest on coastal or 
inland ridges, slopes, plateaux and plains, often on marshy 


ground (Falla 1937; Bailey & Sorensen 1962; Rand 1954, 
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1963; Warham & Bell 1979; Weimerskirch et al. 1986). Prefer 
open or patchy vegetation (tussock, fern or shrubs) for easy 
access, near exposed ridges or hillocks for take-off (Warham 
& Bell 1979). 

Fly within 15 m of sea surface, using updraft from wave 
fronts for lift; circle over breeding islands to heights of at least 
1500 m (Murphy). Feed from surface or just below, or make 
shallow dives from heights of 2-5 m (Voisin 1981; Harper 
1987). 

Decline in breeding populations at Iles Crozet and 
Macquarie I. attributed to accidental and deliberate killing at 
commercial fishing grounds (Tomkins 1985b; Weimerskirch 
& Jouventin 1987). At Iles Crozet, females and immatures 
suffer higher mortality because they feed over offshore sub- 
tropical waters where fishing grounds concentrated (Wei- 
merskirch & Jouventin 1987). 


DISTRIBUTION AND POPULATION Circumpo- 
lar; in Antarctic, subantarctic and subtropical waters of Atlan- 
tic, Pacific and Indian Oceans. 

Pelagic range in summer, mid-ocean in Indian, South 
Pacific and Atlantic Oceans; occasionally to 67°S in Weddell 
Sea and § of 68°S in South Pacific (Gain 1914; Falla 1937; Siple 
& Lindsey 1937; Fleming 1950; van Oordt & Kruijt 1954; 
Holgersen 1957; Dell 1960; Gill 1967; Ozawa 1967; Darby 
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1970; Tickell & Woods 1972; Johnstone & Kerry 1976; Zink 
1981; Jouventin et al. 1982; Thurston 1982; Ainley et al. 1984; 
McQuaid & Ricketts 1984; Meeth & Meeth 1986; Stahl 
1987). Small numbers occur off South Africa, N to 26°S off 
sw. coast (Lambert 1971); in s. Aust. and NZ waters (Gibson 
1967); w. South America, N to 33°S (Murphy); e. South Amer- 
ica to 38-43°S (Bennett 1948; Ozawa 1967: Tickell & Woods 
1972) and occasionally to 24°S off Brazil (Dixon 1933). 

In winter and spring; pelagic range farther N: rare S of 
Polar Front (Falla 1937; Harrison 1962; Ozawa 1967; Szijj 
1967; Summerhayes 1969; Jouventin et al. 1982; Tickell & 
Woods 1972; Thurston 1982; Bourne & Curtis 1985; Eakin et 
al. 1986; Clark 1987; J-C. Stahl). Common off sw. Africa, 
Mar.-Oct., N to 17°S (Summerhayes et al. 1974, Hansen 
1978). Maximum abundance: w. Tasman Sea, May; e. Tasman 
Sea, May-June; NSW, mid-June to mid-Sept.; NZ coastal 
waters, June-July; central Tasman Sea, Aug. (Gibson 1967). In 
Humboldt Current, normally N to 33°S (Murphy), though 
one recovery 21°S (Derenne et al. 1972). 

In s. Indian Ocean, juveniles present only in n. part of 
range; occuring to 35-45°S in summer (Jouventin et al. 19872; 
Stahl 1987; Weimerskirch & Jouventin 1987), 30-38°S in 
winter and spring (J-C. Stahl). In South Atlantic, n. records 
mostly subadults (Tickell & Woods 1972). N. records in sw. 
Pacific mostly dark birds, either subadults or dark adults from 
Antipodes Is (Summerhayes 1969; Jenkins 1980, 1986). Males 
range farther S (mostly 50-60°S) than females (35-45°S) in s. 
Indian Ocean in summer (Weimerskirch & Jouventin 
1987). 

Occasional: Fiji, May—Oct. (Jenkins 1986); Tonga, July- 
Nov. (Jenkins 1980). Accidental: St. Helena (Wilkins 1923), 
Réunion (Milon & Jouanin 1953), Mauritius (Murphy), 
Marquesas (Pratt et al. 1987), Tuamotu Arch. (Robertson 
1972a). Records in n. hemisphere: immature Panama, [?] Aug. 
1937 (Murphy 1938); female California, July 1967 (Paxton 
1968); immature sighted off Portugal, Oct. 1963 (Bourne 
1966); immature male killed off Palermo, Sicily, Oct. 1957 
(Orlando 1958). 
BREEDING 


Localities and populations given in 
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Table 1. Last bred Tristan da Cunha in 1907, almost certainly 
eliminated by man (Hagen 1952; Fraser et al. 1988). Last bred 
Falkland Is, 1959 (Woods 1975). Recent annual declines re- 
ported: Iles Crozet, 6.2%, 1969-76; Ile de la Possession, 2.5%, 
1977-86 (Weimerskirch & Jouventin 1987); S. Georgia, 1.1%, 
1961-86 (Croxall et al. 1988a); Tle aux Cochons, 1974-82, 
12.5% (Voisin 1984). At Iles Kerguelen, colonies under study 
decreased from 224-255 pairs 1971 to 125-129 pairs in 1985 
(Weimerskirch et al. 1989); ar Macquarie I., 29 pairs 1968 to 
5-7 pairs 1979-82 but fluctuations from year to year (Roun- 
sevell & Brothers 1984). Declines probably because more and 
more immatures and adults caught in long-line fishing oper- 
ations; possibly also by trawling Jlouventin et al. 1984, Tom- 
kins 1985b; Croxall et al. 1988a,b). At Inaccessible I., popu- 
lation decreased from c. 200 pairs in early 1870s to two pairs 





Table 1, 
Locality Year Population Reference 
(breeding pairs/‘y) 
Inaccessible I. 1982-87 3 2 
Gough I. 1982 798+ 9 
Prince Edward Is 1984 2461+ 9 
Iles Crozet 1981-82 1962 4 
Iles Kerguelen 1984-8 1095 10 
Heard I. 1980 1 3 
Macquarie I. 1982 fi q 
5. Georgia << 1984 4300* I 
Antipodes I. 1969 L000 8 
Auckland Is (250 5 
1975-77 1 6 


Campbell I. 


*" Estimate of total population. 

References: (1) Croxall et al. 1984; (2) Fraser et al. 1988; (3) Johnstone 
1982; (4) Jouventin et al. 1984; (5) Robertson 1975: (6) Robertson 
1980; (7) Rounsevell & Brothers 1984; (8) Warham &. Bell 1979; (9) 
Watkins 1987; (10) Weimerskirch et al. 1989, 


1938, because pigs took eggs and chicks; population stable at 
very low level since (Fraser et al. 1988). 


MOVEMENTS Migratory or dispersive. 

DEPARTURE Chicks fledge: Iles Crozet, 25 Nov.- 
2 Feb. (Fressanges du Bost & Segonzac 1976); [les Kerguelen, 
21 Nov.-5 Jan. (Paulian 1953); $8. Georgia, 17 Nov.-18 Jan. 
(Tickell 1968. Croxall & Prince 1987); Marion I., mid-Dec- 
mid-Jan. (van Zinderen Bakker 1971); Campbell I., late Dec- 
mid-Feb. (Bailey & Sorensen 1962); Gough I., Jan-early Feb. 
(Swales 1965); Auckland Is, mid-Jan-mid-Feb (Bailey & Sor- 
ensen 1962). Antipodes Is, late Jan-Mar. (Warham & Bell 
1979). Non-breeders leave Macquarie I., early Jan.-early Apr., 
failed breeders leaving within a few days of failure (Tomkins 
1985a). 

NON-BREEDING Banding returns suggest adults 
and young disperse or migrate E (Tickell 1968; see Banding). 
Birds from Gough I. apparently confined to South Atlantic 
and South African waters; chicks recovered off Cape (one) 
and Tripp Seamount 30°S 14°E (one); one adult Port Elizabeth 
(Cooper 1988) and those breeding Antipodes, Auckland and 
Campbell Is apparently restricted to Tasman Sea and South 
Pacific Ocean (Robertson 1972a,b, 1973; Warham & Bell 
1979; see Banding). Movements of birds from s. breeding sites 
probably circumpolar, but definite proof still lacking. Some 
birds breeding S$. Georgia and Iles Crozet migrate regularly to 
NSW (Tickell 1968; Weimerskirch et al. 1985). Birds breed- 
ing Iles Crozet recovered NSW either during non-breeding 
year after successful cycle, or during same season after loss of 
egg; one bird recovered NSW in seven different years (Wei- 
merskirch et al. 1985). Frequency of beachcast birds in NZ 
highest Jan., coinciding with fledging of chicks from nearby 
subantarctic islands, and June, which coincides with arrival of 
young birds from breeding sites on opposite side of Antarctic 
and moult in adults, making them more vulnerable to bad 
weather (Powlesland 1985). Juveniles have separate but over- 
lapping range to adults; 177 birds seen in Apr. off se. Tas., 
almost entirely brown-plumaged birds (15% chocolate-brown, 
85% stages 4-6; Blaber 1986). In Indian Ocean, juveniles 
found only N of 45°S (Falla 1937; Rand 1963; Jouventin et al 
1982; Stahl 1987; Weimerskirch & Jouventin 1987). Imma- 
tures also appear to have more northerly distribution in South 
Atlantic (Tickell & Woods 1972) and Tasman Sea in winter 
(Summerhayes 1969). Banding at feeding concentration off e. 
NSW indicates that birds of all age groups from all s. breeding 
colonies visit area, principally July-Nov. (Gibson 1967), but 
most appear to stay for only a short period (Tickell & Gibson 
1968). Two feeding sites, 56 km apart, appear to hold largely 
independent populations (Tickell & Gibson 1968) and 
suggestions that pairs or members of same colony travel to- 
gether (Tomkins 1984a) at present unsubstantiated (Sudbury 
et al. 1985). 

RETURN Between each nesting cycle, adults that 
fail to breed before June usually absent from colonies for 
about 5-12 months; those that fail after June for about 12-17 
months (Tickell 1968). Mean date of return to Iles Kerguelen, 
17 Nov. (Paulian 1953); Iles Crozet, 19 Nov. (14-23 Nov; 
Fressanges du Bost & Segonzac 1976); 5. Georgia, males 29 
Nov., females 10 Dec. (Tickell 1968); Macquarie I., late Nov. 
with non-breeding birds returning late Nov.-late Jan. (Tom- 
kins 1985a); Auckland Is and Inaccessible I., early Dec. (Elliott 
1957; Bailey & Sorensen 1962). Most birds return to breeding 
site but non-breeding male banded Macquarie I. recovered 
breeding at Heard I. 13 years later (Johnstone 1980); juveniles 
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from Marion [., and juveniles and adults from Iles Crozet 
recovered at other breeding localities (Weimerskirch et al. 
1985; Gartshore et al. 1988). Only known instance of gene- 
flow between populations, one fledgeling from Iles Crozet 
breeding at Marion I. three years later (Mougin 1977). 

BREEDING Travel up to 15 200 km between incu- 
bation bouts. One bird from Iles Crozet tracked by satellite 
recorded flying SW to Antarctica and back past Heard and 
Kerguelen Is; another flew 3664 km to NW, travelling at 62.7- 
81.2 km/h, mostly (87.1-90.9%) during daytime. Distance 
travelled related to wind speed; birds were almost stationary in 
centre of high-pressure zones for 1-7 days. After hatching, 
foraging distance 330 and 381 km for one male (Jouventin & 
Weimerskirch 1990), Other records: adult with young on Iles 
Crozet recovered 1800 km N (Weimerskirch & Jouventin 
1987), incubating bird dyed on Iles Kerguelen seen 1420km5 
(Weimerskirch et al. 1988); adult with young on 5. Georgia 
sighted off Falklands and Argentinian coast (Croxall et al 
1988b); birds banded Macquarie I. recaptured 1600 and 2240 
km N during breeding season (Tomkins 1985a); estimated for- 
aging range from 5. Georgia 1478 km (Croxall & Prince 1987). 
However birds breeding Iles Crozet frequently forage over 
neritic waters (Weimerskirch et al. 1986). Tropical cephalo- 
pods in diet of 5. Georgian birds suggest most foraging N of 
Island (Prince & Morgan 1987); fish taken all characteristic of 
5S. Georgian shelf (Croxall et al. 1988b). 

BANDING Returns from NZ subantarctic islands 
(NZNBS) summarized Fig. 1; from Iles Crozet (CRBPO), Fig. 2; 
Prince Edward Is (SABRU), Fig. 3; NSW, Aust. (ABBBS), Fig. 
4. A’asian returns of birds banded S. Georgia (BBL) summar- 
ized Fig. 5. Recovery of adults not significantly different from 
that of juveniles (Weimerskirch et al. 1985). 


FOOD Mostly cephalopods, many probably scavenged, 
also fish, rarely crustaceans. BEHAVIOUR. Most food taken by 
surface-seizing (Griffiths 1982), also recorded shallow-plung- 





Fig. 1. 345 151E 10X10 “> ABBBS 
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Fig. 2. 41S 176E 10X10 NZNBS 





Fig. 3. 465 51E 10x10 CRBPO 


ing and pursuit-plunging (Harper et al. 1985). Usually alight 
near food and swim towards it with outstretched neck and 
partly open wings; if food sinks, try to retrieve it by partially 
upending like ungainly duck (Harper 1987). Usually hunt for 
cephalopods at night, in winds > 15-20 knots gliding low over 
surface and dropping on prey, occasionally maintaining 
height by pattering feet along surface. In still conditions, sit 
quietly with wings closed, snapping suddenly at prey that 
appears nearby. Have been recorded pursuit-plunging from 
about 2 m with folded wings, then swimming under water 
using wings for propulsion (Voisin 1981) or plunging from 5 


Fig. 4. 465 37E 10X10 SABRU 









Fig, 5, 54S 38W 10X10 BBL 


m to just beneath surface so that only wing-tips visible (Gib- 
son & Sefton 1959); immature twice seen dropping from 
about 3.5 m and completely disappearing underwater (Harper 
1987). Of 261 observations of feeding, 98.1% were surface- 
seizing, 1.1 surface-diving, 0.8 shallow-plunging, 78.9 during 
day, 21.1 at night; of natural prey not originating from obser- 
vation vessel, 93.3% of 119 observations were at night and 
only 6.7% during day (Harper 1987); have also been seen 
carrying wild-caught cephalopods at night off NSW (Barton 
1979). Cephalopods killed and eaten in 30.1 s (14.5-156; 11). 
Often feed in association with other seabirds (Jenkins 1979: 


Table 2, Cephalopods in the diet of the Wandering Albatross. 


Se Weight 

1 i 3 
Loligo 0.1 ; 
Ancistrocheirus lesueuri 1.5 0.3 
unident. Enoploteuthidae O.1 1.1 
Octopoteuthis rugosa 0.3 <<0.1 
Octopoteuthis 2.1 
Taningia 2.5 5.5 2.6 
Onychoteuthis banksi <0.1 O.1 
Moroteuthis ingens 21.6 40 
Moroteuthis knipovitchi 12 0.1 23 
Moroteuthis robsoni 33 2.0 0.5 
Kondakovia longimana 11.0 81.1 58.6 
Unident. Onychoteuthidae 
Cyeloteuthis sirventt 
Cycloteuthis 5.2 
Discoteuthis discus 
Discoteuthis 0.1 
Gondtus antarcticus O05 0.8 Bek 
Gonatus 1.1 aah 
Unident. Gonatidae 1.0 5.3 
Psychroteuthis glacialis 0.3 
Psychroteuthis 0.5 
Lepidoteuthis grimaldii 0.8 0.6 
Pholidoteuthis boschmai <0,1 
Architeuthis 2.6 12 
Histioteuthis ie, 1.6 17.6 
Alluroteuthis antarcticus ce 
Batoteuthis skolops 0.1 
Illex 13.1 
Todarodes 0.1 
Martialia hyadesi 3.5 
unident. Ommastrephidae bz 0.4 
Chiroteuthis imperator zap), | 
Chiroteuthis macrosoma 
Chiroteuthis picteti 
Chiroteuthis veranyt 0.2 <0.1 
Chiroteuthis 8.3 <0.1 
Mastigoteuthis 0.9 O07 07 
Taonius belone 
Tdaonius cympoctypus 
Taonius pavo 12.6 3.4 0.3 
Taonius 0.6 
Fgea inermis <20.1 
Teuthowenia pellucida 0.2 
Teuthowenta 0.1 
Megalocranchia maxima 
Megalocranchia =<0.1 
Helicocranchia <0.1 
Galiteuthis armata 
Galiteuthis <0,1 
Mesonychoteuthis hamiltoni 0.4 <0.1 
Unident. Cranchiidae 0.1 0.9 
Vampyroteuthis infernalis =<0.1 
Argonauta nodosa 0.4 
Argonauta ee 
Alloposus mollis 1.0 1.0 
Unident. cephalopods 0.5 0.5 0.4 
Number of beaks 


Number samples 





(1) Near NZ (Imber & Russ 1975); (2) S. Georgia (Clarke et al. 1981); (3) (Rodhouse et al. 1987); (4) Imber & Berruti (1981). 
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Pie Diomedeidae 

Harper 1987), repelling all competitors (Weimerskirch et al. 
1986) except flocks of White-chinned Petrels Procellaria 
aequinoctialis, which distract Wanderering Albatrosses by 
dive-bombing, then stealing food (Harper 1987), and occa- 
sionally giant-petrels Macronectes spp (9% of 64 observations; 
Weimerskirch et al. 1986). Also follow schools of dolphins, 
feeding on remnants of their prey (Gibson & Sefton 1955) as 
well as Southern Right Whales Balaena glacialis, Pilot 
Whales Globiocephala and Southern Right Whale Dolphins 
Lissodelphis peronii (Enticott 1986). 

NON-BREEDING Diet of non-breeding birds 
poorly known. Off e. NSW, appear to concentrate on large 
cephalopods Sepia apama, which caught alive or scavenged 
(Gibson & Sefton 1955, 1959; Gibson 1967); two from Drake 
Passage contained many cephalopod beaks with some fish and 
Euphausia superba (Linkowski & Rembiszewski 1978). 

BREEDING At Bird L, S$. Georgia (79 samples; 
Croxall & Prince 1987; Prince & Morgan 1987) fish 41.5% 
wt., cephalopods 39.5, crustaceans 0.2 and higher proportion 
of penguin and seal carrion 18.8 than for any other albatross as 
well as many cephalopods that were probably too large to have 
been caught alive. 

At Iles Crozet, cephalopods predominated in 68% of 31 
regurgitated samples (actual freq. 71.0%, mostly Onychoteu- 
thidae; Weimerskirch et al. 1986) with rest mostly fish 32 
(35.5}; carrion (3.2) was penguin feathers (Voisin 1969; Mou- 
ein 1970). Cephalopod diet described in Table 2. 

At Bird L., S$. Georgia (Rodhouse et al. 1987) cephalo- 
pods estimated to constitute 35% of diet by wt. Loligo 0.18- 
0.30 cm lower rostral length, Ancistrocheirus lesuewrt 0.62- 
0.82, Octopoteuthis rugosa 0.95, Taningia danae 0.90-1.57, 
Onychoteuthis banksi 0.32-0.67, Moroteuthis ingens 0.90-1.32, 
Moroteuthis knipovitchi 0.52-1.53, Moroteuthis robsoni 0.76- 
0.85, Kondakovia longimana 0.23-2.00, Discoteuthis 0.41- 
0.78, Gonatus antarcticus 0.49-0.81, Psychroteuthis glactalts 
0.35-0.66, Lepidoteuthis grimaldii 0.91-1.58, Pholidoteuthis 
boschmai 0.27, Architeuthis 1.33, Histioteuthis atlantica 0.25- 
0.67, Histioteuthis eltaninae 0.25-0.45, H sp. 0.29-0.53, Allu- 
roteuthis antarcticus 0.40-0.60, Batoteuthis skolops 0.29-0.54, 
Iilex 0.33-0.82, Martialia hyadesi 0.35-0.88, Chiroteuthis im- 
perator 0.52-0.61, C. spp 0.34-0.82, Mastigoteuthis 0.48-0.79, 
Taonius pavo 0,70-1.05, Taonius 0.65-1.10, Egea inermis 0.51, 
Teuthowenia 0.70-0.90, Megalocranchia 0.82, Helicocranchia 
0.30-0.35, Galiteuthis glacialis 0.32-0.64, Galiteuthis 0.40- 
0.42, Mesonychoteuthis hamiltoni 0.59-1.00, Vampyroteuthis 
infernalis lower hood length 0.70, Octopodidae 0.48-1.14, 
Alloposus mollis 0.35-2.10. Differences noted between years: 
more Ommastrephidae and number of cephalopod species in 
winter of 1984 than 1983 and fewer Onychoteuthidae and 
Antarctic species, at time when krill populations in region 
declined. Some deep-water cephalopods may be caught only 
when they come to surface, spawn and die. 

Composition of fish diet at S$. Georgia by weight: Pseu- 
dochaenichtys georgianus 54.5% (length 377 mm [127; 225- 
634]), Chaenocephalus aceratus 25.3% (469 [88; 319-604)), 
Muranolepsis microps 13.0% (237 [40; 241-389]), Notothenia 
gibberifrons 4.2% (322 [27; 294-358]), plus five other species. 
Fish taken were pelagic and benthic-demersal species charac- 
teristic of S. Georgian shelf; species taken by commercial 
fisheries poorly represented, which indicates that most fish 
probably taken naturally (Croxall et al. 1988b). 

Samples from near NZ (Imber & Russ 1975) also con- 
tained otoliths of fish Halargyreus johnsonti and Macruronus 
novaezelandiae. Near [les Crozet also seen feeding on jellyfish 


(Weimerskirch et al. 1986). 

INTAKE Chicks may consume up to 100 kg of food 
during rearing period (Rodhouse et al. 1987). At S. Georgia, 
size of meals 750 g and weight gain 56 g/day (Tickell 1968) at 
rate of 0.36 meals/day (Croxall & Prince 1987) or every 5-6 
days/adult (Croxall & Prince 1980). At Ile de la Possession, 
[les Crozet, gain 85 g/day (Weimerskirch et al. 1986) with 0.35 
meals/day (Mougin 1970). Between end of brooding and fledg- 
ing chicks receive a total of about 80 meals of 1-2 kg (0.11- 
2.11 kg) (Tickell 1968). 


SOCIAL ORGANIZATION At sea, usually solitary or 
in small groups (2-10 individuals) at food near vessels; occa- 
sionally up to 50 birds together (Dixon 1933; Gibson 1967). 
Gregarious on breeding grounds. Associate with other pro- 

cellariiforms at food and when following cetaceans (Griffiths 
1982. Enticott 1986). 

BONDS Monogamous, lifelong; no known divorces 
(Tickell 1968). At Macquarie I. and Iles Crozet, sex-ratio prob- 
ably imbalanced in favour of males, survival of males being 
higher than that of females (Tomkins 1985a; Weimerskirch & 
Jouventin 1987); at Iles Crozet, sex-ratio of non-breeding birds 
1 fernale:2.5 males (Weimerskirch & Jouventin 1987). Age at 
first return to colonies: Iles Crozet 7.8 years old (4-14; 187) 
(Weimerskirch & Jouventin 1987); S. grec 3-11 years dae 
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Plate 13 


Wandering Albatross Diomedea exulans 
. Dorsal, Stage 5 

. Dorsal, Stage 6 

. Dorsal, Stage 7 

. Wentral, Stage 7 

. Adult head, Stages 5, 6 or 7 
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most 5-7 years old, females slightly earlier than males (Pick- 
ering 1989). At S. Georgia, interval between first return and 
first breeding 2-8 years, median value in females, 4 years 
(n=51), in males, 5 years (n=45); establishment of pair-bond 
over one to three seasons, most (75%; 28 pairs) over two sea- 
sons (Pickering 1989), Age at first breeding: Iles Crozet, 
females 11.2 years (2.0, 7-16; 64), males 12.1 years (9-16; 24) 
(Weimerskirch & Jouventin 1987); 5. Georgia minimum 7 
years, av. females 10.6 years, males 11.0 years (Croxall 1982). 
Pair-bonds of breeders re-established during pre-laying 
period. During first season ashore, pre-breeders present at 
colonies early Feb.-early Mar. (median values); after five sea- 
sons, arrival synchronized with that of breeders; departure 
late Mar. (Pickering 1989), Nesting, incubation and chick- 
rearing by both sexes although share of male slightly higher. 
Chicks independent after fledging. 

BREEDING DISPERSION NESTING. Colonial 
when breeding. Nest density: Ile de la Possession, Iles Crozet, 
35-101 nests/km? (Weimerskirch & Jouventin 1987): 
Georgia, 40-106 nests/ha in most favourable areas (Tickell 
1968); Antipodes 1, 26 nests/10000 m* (Warham & Bell 
1979). Distance between nests, three to hundreds of metres; at 
Iles Kerguelen, very dispersed, minimum distance 50 m 
(Milon & Jouanin 1953). TERRITORIES. Limited to area close 
round nest; 1 m* to radius of 2 m oe 1968; Voisin 1969). 
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Wandering Albatross Diomedea exulans 
1. Juvenile, ventral, Stage | 
Z. Juvenile, dorsal, Stage 1 
3. Ventral, Stage 3 
4. Dorsal, Stage 3 
5. Dorsal, Stage 4 
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Diomedea exulans 273 
Territorial only when breeding. 

ROOSTING Solitary when roosting on land (Voi- 
sin 1969). Unknown at sea. 


SOCIAL BEHAVIOUR Descriptions by Matthews 
(1929) and Murphy, partly re-interpreted by Richdale (1950) 
and by van Zinderen Bakker (1971); functions of courtship 
displays not analysed. Displays conspicuous, diurnal and easy 
to observe at close range. Royal Albatross D. epomophora has 
most complex sexual behaviour of all albatrosses; agonistic 
and sexual displays of Wandering similar to Royal, except that 
Head-shaking not described for Wandering and Bill-vibrating 
not described for Royal. Individual distance usually not less 
than 2-3 m, except round food or between individuals of 
mated pairs. 

AGONISTIC BEHAVIOUR THREAT. Displays as 
Royal Albatross: Snapping, which becomes Clappering with 
increased aggression. When threatened, unguarded chick sits 
back in nest, neck stretched up, facing intruder; as threat 
increases, bill snapped repeatedly with gobbling noise and, 
ultimately, vomiting of oil or stomach contents. APPEASE- 
MENT. No appeasement or submissive displays described. 

SEXUAL BEHAVIOUR COURTSHIP. Displays 
similar to those of Royal Albatross and include Aerial Activ- 
ity, Sky-call, Yapping (=Bowing; Matthews 1929), Gawky 
Look, Billing, Scapular Action, Wing-stretching and 
Mutual Preening. Also occasional AERIAL DISPLAY: in flight, 
wings stiffened, downturned, while head swung from side to 
side (Warham & Bell 1979). Ecstatic Ritual. Apparently dif- 
fers from displays of Royal Albatross by performing Bill- 
vibrating and Whine. Bill-vibrating (=Braying; van Zinderen 
Bakker 1971): standing bird first bends neck forwards, bill 
held below horizontal, mandibles slightly apart and begins to 
vibrate mandibles rapidly against each other while bill slowly 
raised to vertical; clappering ended with single snap as bill 
reaches highest position; performed by both sexes; reported 
to follow Billing and precede Wing-stretching. Whine. Not 
described as being accompanied by Head-shaking as in Royal 
Albatross. Head thrown back so that bill points vertically, bird 
emitting powerful expiratory braying whistle followed by in- 
haled sigh; usually performed in conjunction with Wing- 
stretching; climax of Ecstatic Ritual. Whine usually followed 
by Display Meeting (van Zinderen Bakker 1971): bird places 
bill in breast feathers while producing loud bill-clappering 
sound. Parties, as in Royal Albatross. GREETING Apparently 
similar to mutual Gawky Looks performed by birds of op- 
posite sex when meeting (van Zinderen Bakker 1971). At nest, 
Yapping observed at nest-relief during incubation (Murphy). 
Once pair formed, displays become less complex with much 
time spent Yapping and Mutual Preening (van Zinderen 
Bakker 1971). COPULATION, occurs 1-26 days before laying 
(Tomkins 1983). 

RELATIONS WITHIN FAMILY GROUP Nest- 
building, incubation and chick-raising by both parents, with 
male taking slightly greater share. 


VOICE Not well known; no detailed study. Described by 
Matthews (1929), Murphy and van Zinderen Bakker (1971). 
Noisy at colonies during pre-laying period (re-establishment 
of pair-bond by breeders), incubation and chick-guarding per- 
iod (parties of pre-breeders establishing pair-bond). Sexual 
differences reported only for Croak where, in duets, croaks of 
males lower than those of females (Warham & Fitzsimons 
1987). No individual differences or geographical variation re- 
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ported. Calls similar to those of Royal Albatross, but Croak (= 
Yapping) apparently harsher and less musical. Numerous 
non-vocal sounds made by vibrating, snapping or clopping 
mandibles together. 

ADULT Croak (Warham & Fitzsimons 1987): 
harsh groaning sound uttered repeatedly during Yapping dis- 
play, often in duet. Whine: powerful expiratory braying 
whistle or shriek (van Zinderen Bakker 1971) (sonagram A; 
with preceeding inhalation), emitted at climax of Ecstatic Ri- 
tual. Also Deep Gurgling, audible at close range, emitted 
during Sky-call (van Zinderen Bakker 1971), and a guttural 
vocal sound uttered with each bill-clap during agonistic Clap- 
pering. NON-VOCAL SOUNDS: Bill-snaps: mandibles snapped 
together during agonistic Snapping; by adults and chicks. Bill- 
clappering: loud rapid clappering given a few times during 
agonistic Clappering; also given during Display Preening. Bill- 
clicks caused by clashing of bills of pair during Billing. Rat- 
tling: peculiar rattling sound with slight musical ring 
(Matthews 1929), also described as rubbery burring, rising 
from low to high note with increasing rapidity of vibration, 
filled lungs acting as sound-box, whole terminated by single 
snap; given during Bill-vibration display. 

YOUNG Newly hatched chick emits soft chirping 
when hungry; older chick, gobbling cry when begging for 
food (Matthews 1929), 


BREEDING Detailed studies at S. Georgia (Tickell 
1968) and Iles Crozet (Voisin 1969; Mougin 1970; Fressanges 
du Bost & Segonzac 1976). Information supplied by J-C. 
Stahl. Colonial breeder on vegetated exposed flats on gentle 
slopes on subantarctic islands and 5. Georgia. 

SEASON ARRIVAL AT COLONIES: 5. Georgia, first 
arrival 9 Nov., mean date: males 29 Nov. +2 days, females 10 
Dec. + 9 days; Iles Crozet, first arrival 19 Nov. (14-23 Nov.; for 
7 years), males arrive first; peak of arrival late Nov.-early Dec; 
(Mougin 1970); Iles Kerguelen, 17 Nov.-5 Jan. (Paulian 1953); 
Marion L., first arrival 22 Nov. (van Zinderen Bakker 1971); 
Auckland Is, first arrival 10 Dec. (Bailey & Sorensen 1962). 
PRE-LAYING PERIOD: Iles Crozet, 26 days (15-44); S. Georgia, 
26.6 days (8-45; 8). At 3. Georgia, male present 73.6% of days, 
female 7.4%. Pre-laying exodus noted at Marion, but period 
undetermined (van Zinderen Bakker 1971). At S. Georgia, 
females return 0-4 days before laying after absence of 5-18 
days. Copulations 1-26 days before laying; fertilization prob- 
ably 1-5 days before laying (Tomkins 1983), DEPARTURE 
FROM COLONIES: Fledgelings: 5. Georgia, mean date 10 Dec. 
(17 Nov-18 Jan.; 63). Iles Crozet, first departure 25 Nov. (20- 
30 Nov.), last 19 Jan. (9 Jan.-2 Feb.) over seven seasons; average 
date 14 Dec. Marion I., most mid-Dec. to mid-Jan. (van Zin- 
deren Bakker 1971). Iles Kerguelen, first departure 21 Nov. 
(Paulian 1953). Campbell I., late Dec.-mid-Feb. (Bailey & Sor- 
ensen 1962). Auckland Is, 22 Jan.-5 Feb.+ (Bailey & Sorensen 


1962). Antipodes Is, end Jan.-12 Mar.+ (Warham & Bell 
1979). Pre-breeders: Mar.-Apr. in most localities. At S. 
Georgia, pre-breeders at colonies early Feb.-early Mar. during 
first season ashore; arrival date progressively earlier during 
following seasons, synchronized with that of breeders by sixth 
season; stay ashore progressively longer, median 3 days first 
season; median 34 days (males), 24 days (females) during sixth 
season; median departure date, sixth season ashore, 20 Mar. 
(Pickering 1989). 





(S. Georgia) 


SITE Selection of nest-site restricted by availability 
of vegetation for building material and of nearby open ex- 
posed site for taking-off (Tickell 1968). Nests established 
among short vegetation (among tussocks at Antipodes; War- 
ham & Bell 1979) on coastal plains, swampy valley floors, 
crests of broad ridges or gentle slopes; usually 0-300 m asl but 
above 300 m at Gough I. to avoid shrubby vegetation of 
lowlands (Swales 1965), At Iles Crozet, same nest used in suc- 
cessive season by 23.3% (n=176) of breeders, 37.9% (n=66) of 
failed breeders; only 2.5% (n=810) of breeders have changed 
colony in 15 years (Weimerskirch & Jouventin 1987}, with 
average displacements of 3,2 km (0.6; 0.6-14.0; Fressanges du 
Bost & Segonzac 1976). At S. Georgia, 20% of pairs used same 
nest in successive season; rest moved by 7 m on average (max- 
imum 23 m; 150 m if remating). Slight association and com- 
petition with giant-petrels, mostly Southern Giant-Petrels M. 
giganteus, at Iles Crozet and 5. Georgia (Voisin 1968; Hunter 
1984). Nest-site selected by male, who arrives first on col- 
Ones. 

NEST, MATERIALS Nest, a truncated cone, 
usually surrounded by circular patch almost bare of veg- 
etation. Material: grass, Acaena twigs, moss, roots and soil. 
MEASUREMENTS: diameter of base 70-100 cm; diameter at top 
40-50 em; height 20-50 cm. Building started by male soon 
after arrival, but female builds actively 1-2 days before laying; 
material dropped over shoulders (Tickell 1968; Voisin 1969; 
van Zinderen Bakker 1971). Nest maintained by addition of 
material during incubation and by chick; new nest besides 
natal one sometimes built by chick (Voisin 1969), 

EGGS Sub-elliptical to oval; rough-shelled, mat; 
white with diffuse ring of red-brown dots round broad end 
(Tickell 1968). 

MEASUREMENTS. 

Gough I. 127.0 (117-130.8; 87) x 77.0 (71.6-82.3) (Ver- 
rill 1895) 

Marion I. 133.4 (123.5-142.5; 47) x 81.0 (75.5 x 85.5; 47) 
(Rand 1954) 


Tles Crozet 
Iles Kerguelen 
Macquarie I. 


133.2 (130.7-136.0; 3) x 80.9 (80.4-81.4) 
136.2 (122.4-140.0, 6) x 80.1 (76.4 x 83.4) 
129.1 (5.9; 121.3-139.0, 16) x 81.5 (2.8; 78.1- 
87.2) (Tomkins 1984b). 

125.1 (5.1) x 78.1 (2.7) (Warham & Bell 
1979) 


Antipodes Is 


Auckland Is 126.9 (120.8-134.4; 12) x 77.3 (73.0-81.7) 
(Robertson 1975). 

WEIGHTS. 

Marion I. 484 (437-551; 9) (Rand 1954) 

Macquarie I. 476.7 (46.9; 415-520; 4) (Tomkins 1984b) 

S. Georgia Median, 448.5 


CLUTCH-SIZE One; one record of two abnormally 
small eggs (Tickell 1968). At Iles Crozet, no successful breed- 
ers lay in next season after success; 89% lay again in second 
season. Of failed breeders, 84% lay again in next season after 
failure and 10% not until second season (Jouventin & Wei- 
merskirch 1988). At S. Georgia, 73% of birds that fail lay again 
next season but, if loss occurs after June, do not do so till 
second season (Tickell 1968). Development of gonads blocked 
throughout period of rearing chick (Hector et al. 1986). 

LAYING 5. Georgia, 24 Dec. (6 days; 10 Dec.-17 
Jan.; 3 years, 260 eggs), no significant difference between years 
(Tickell 1968). Iles Crozet, starts 20 Dec. (17-24 Dec.), ends 19 
Jan. (7-25 Jan.) for seven years. Iles Kerguelen, 10 Dec.-15 Jan. 
(Paulian 1953; Thomas 1983). Marion I., 22 Dec.-12 Jan., peak 
1-6 Jan. (van Zinderen Bakker 1971). Antipodes Is, start mid- 
Jan. (Warham & Bell 1979). Auckland Is 42% of eggs laid by 22 
Jan. (Bailey & Sorensen 1962). Campbell L., starts 13 Feb. 
(Bailey & Sorensen 1962). Most eggs (70%; n=20) laid during 
daytime (Tickell 1968). In successive seasons only 4.2 days 
difference in laying dates (9.0; 0-20; 50), irrespective of change 
of mate; seems to indicate genetic control of laying date (Tick- 
ell 1968). 

INCUBATION By both sexes in alternate shifts. At 
Iles Crozet, average of 7.4 shifts (4-10); shortest shift, first by 
female, 2.4 days; longest, third by female 13.8 days; share of 
male, 52.4%. At S. Georgia, 9.7 shifts (1.8; 5-14); shortest 
shift, frst by female, 3-6 days; longest, fourth by male, 11.5 
days; share of male 57.7%. INCUBATION PERIOD. Gough L, c. 
68 days (Swales 1965); Marion I., 78.6 days (75-81; 12) (van 
Zinderen Bakker 1971); Iles Crozet 79 (77-83); S. Georgia, 
78.4 (1.1; 75-82; 163). 

NESTLING Semi-altricial, nidicolous. Hatching 
lasts 3.2 days (1-5) (Tickell 1968). Down entirely white at 
hatching (Voisin 1969). Brooded and guarded by both par- 
ents. BROOD-STAGE: Marion I. 29 days (24-33; 5) (La Grange 
1962); Iles Crozet 31 days (24-43; 11); brooding shifts, male 4.0 
days, female 4.2 days; 5. Georgia 32 days (21-43; 74), c. 11 
brooding shifts of 2.6 days (1-10; 735). At Iles Crozet, guard- 
stage of up to 6 days (Voisin 1969). Chicks fed by both parents: 
at S. Georgia, 53% (n=118) of feeding by male. Not fed first 24 
h, only small amounts of food given for next 3 days. Feeding 
usually lasts 10-30 min, but parent may stay for up to 2 days 
(Voisin 1969). Meal consists of 5-7 regurgitations; chick in- 
serts mandibles across those of parent. Most (94%) of feeding 
during daytime, 61% during morning hours (n=166) (Tickell 
1968). NESTLING PERIOD. At Iles Crozet, 271 days (258-288; 
31); S. Georgia 277.7 (16.7; 263-303; 35). 

GROWTH At Iles Crozet, weight at hatching c. 400 
g, maximum weight 13 100 g (137% ad. weight) after c. 210 
days, weight at fledging 9980 g (104% ad. weight; 12 chicks in 
two seasons) (Mougin 1970). At S. Georgia, weight at hatching 
352 2 (303-410; 6); max. weight 11 700 g (135% ad. weight), 
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after 221-230 days, weight at fledging 8930 g (103% ad. 
weight). Culmen and wing almost full grown at fledging (Tick- 
ell 1968. Voisin 1969). 

FLEDGING TO MATURITY Independent at 
fledging. Age at first retura to colonies: Iles Crozet ay. 7.8 
years (4-14; 87); S. Georgia, 3-11 years, most 5-7 years, males 
at slightly older age than females (Pickering 1989). Age at first 
breeding: Iles Crozet, females 11.2 years (2.0; 7-16; 64), males 
12.1 years (9-16; 24) (Weimerskirch & Jouventin 1987); mean 
age of first breeding has decreased from 13 to 10.5 years since 
1975 following population decrease; minimum age of first 
breeding has remained unchanged Jouventin & Weimers- 
kirch 1985); S. Georgia, minimum 7 years, average females 
10.6 years, males 11.0 years (Croxall 1982). Males physiolog- 
ically mature at 5 years old; females at 4-7 years; gonadal 
maturation blocked by high progesterone levels, thus female 
condition decisive in determining when a pair first attempts to 
breed (Hector et al. 1986). 

SUCCESS At Iles Crozet, hatching 66.9% (10.3; 
54.2-79.3; 166 eggs, three seasons), fledging 89.4% (5.0; 84.2- 
96.9: 188 chicks, five seasons), total success 64% (13; 25-77; 15 
seasons) (Weimerskirch & Jouventin 1987); 0.37 chicks pro- 
duced per year per female (Weimerskirch et al. 1987). At 
Marion I., hatching 50-59% (44 eggs, two seasons), fledging 
38.5% (13 chicks, one season), total success 22.7% (22 eggs, 
one season) (van Zinderen Bakker 1971). Macquarie I., hatch- 
ing 61.4% (25.9; 14-89, 57 eggs, five seasons), fledging 85.7% 
(39.7; 0-100; 35 chicks, five seasons), total success, 52.6% 
(26.7; 0-78; 57 eggs, five seasons) (Tomkins 1985a). At 8S. 
Georgia, hatching 72.2% (385 eggs, one season), fledging 
81.3% (278 chicks, one season), total success 64.8% (6.5; 1185- 
1523 eggs, ten seasons) (Croxall et al. 1988a). ANNUAL SURVL 
VAL: Iles Crozet: age 0-5 years, 71.5%; 5-11 years, 91.8%; over 
11 years, 92.2% (males 93.8%, females 89.9%) (Weimerskirch 
& Jouventin 1987). S. Georgia: adult average 96% (Croxall 
1982), males 94.6%, females 96.9% (Tickell 1968), Macquarie 
L.: males 85.4%, fernales 73.2 %o (Tomkins 1985a). CONTROL- 
LING FACTORS: egg loss mainly in first 10 days of incubation, 
mostly from trampling by incubating birds, delayed return of 
partner, infertility (van Zinderen Bakker 1971; Fressanges du 
Bost & Segonzac 1976). Loss of chicks c. 50% in first 10 days; 
mainly by starvation, predation by skuas, giant-petrels, rarely 
by rats at Ile de la Possession, [les Crozet, bad weather (Fres- 
sanges du Bost & Segonzac 1976). Recent population decline 
at Iles Crozet mainly because fewer adults have survived; 
90.5% during period of rapid decline 1968-76 (6.2%/year), 
94.4% during more gradual decline 1977-86 (2.5% /year); sur- 
vival of adults apparently affected during breeding cycle, as 
breeding success strongly correlated with adult survival; lower 
survival of females attributed to their more northern foraging 
area where more exposed to long-line fishing operations (Wei- 
merskirch & Jouventin 1987). At Macquarie I., decline attri- 
buted to reduced survival of adults and possibly immatures; 
adult survival dropped from 94.6% in 1965-68 (Carrick & 
Ingham 1970) to 78.7% in 1974-78 (Tomkins 1985b), while 
breeding success remained similar (Tomkins 1985b). 


PLUMAGES Except for juveniles and downy young, no 
two Waridering Albatrosses look alike. Starting with mostly 
dark plumage, birds become whiter over a long period. Rate of 
whitening not known precisely, nor whether whitening is 
continuous, interrupted or briefly reversed. Degree of white- 
ness of breeding adults varies individually, geographically and 
sexually (Tickell 1968; Tomkins 1984b). Not known whether 


276 Diomedeidae 

whitening halts at a given age, or whether rate of whitening 
geopraphically and sexually varies. The descriptions below are 
civen under stages suggested by Harrison (1979, 1985, 1987) 
for guidance in the field; Stage 1 is darkest and probably 
youngest; Stage 7, palest and probably oldest. These are not 
distinct plumages defined by different generations of feathers, 
and many intermediates occur. The ‘Gibson Code’ (GC), a 
more detailed classification for use in the hand, was developed 
by Gibson (1967) and is also given below. His scheme has been 
modified and expanded by Jouventin et al. (1989). 

D.e, chionoptera., 

ADULT Stage 7. Probably only old males. At 5. 
Georgia, 43% of breeding males, and no breeding females, 
showed this condition (Tickell 1968). Recorded on a non- 
breeding male at least 16 years old (Tomkins 1984b); age of 
attainment unknown but probably after age of first breeding, 
which has been given as c. 10 years (Tickell 1968) and 9-13 
years (extremes 7-17) (Hector et al. 1986; Pickering 1989). 
HEAD AND NECK (GC=6), white; hindneck feathers have trace 
of light-grey (85) vermiculation at tips; only visible at close 
range; can be lost with wear and may be totally absent. Vary- 
ing pink (-) to orange-pink (c5} stain at the edges of feathers 
just behind ears; often absent or restricted to one side of head; 
when most extensive, stain extends round back of neck, form- 
ing narrow to broad connecting band. Large stains sometimes 
partially or completely brown (-). At 5. Georgia, stain tends to 
be larger when feeding young than when incubating or brood- 
ing. Stain often wet, although underlying skin usually dry 
(Tickell 1968); often lost shortly after death or after feathers 
are plucked (e.g. Gibson & Sefton 1959), but feathers from 
Antipodes I. showed pink stain 8 years after plucking (War- 
ham & Bell 1979), and stains retained in some skins (Murphy). 
It apparently occurs in all Stages except downy young and 
perhaps juveniles, both at breeding grounds and at sea. UPPER- 
PARTS (GC=6), white. Feathers of mantle and back can have 
trace of light-prey (85) vermiculation at tips. TAIL (GC=4, oc- 
casionally 3}, white; feathers have cream (54) shafts. UP- 
PERWING (GC=5), looks mostly white, with mottled transition 
to broad dark tip and narrow dark trailing-edge. At, and in- 
side, elbow, all coverts white. Other upper wing-coverts and 
secondaries white with inconspicuous dark-grey (83) vermi- 
culations; outer quarter of median coverts and lower lesser 
coverts, alula and all greater coverts have large grey-black (c82) 
spots at tip of outer web causing a rather mottled transition to 
dark trailing-edge. In alula, primary coverts, outermost sec- 
ondary coverts and most secondaries, grey-black (c82) spot, 
large, extending halfway down outer web, and encroaching 
onto tip of inner web; in these feathers, only grey-black areas 
are usually exposed. [nnermost secondaries and inner sec- 
ondary. coverts have smaller grey-black (82) spots at tip of 
outer web. Visible parts of primaries, grey-black (c82) with 
cream (c54) shafts that grade to dark brown (c23) tips; all pri- 
maries have concealed white bases to inner web. In palest 
birds, this narrows to sharply defined, concealed white wedge 
that almost meets tip of inner web. Grey-black (82) areas of 
remiges fade to black-brown (c119) with wear. UNDERPARTS, 
white. UNDERWING. Remiges as above; only grey-black (c82) 
areas are exposed when wing spread; reflect grey (84) in some 
direct light. Under wing-coverts, white. 

DOWNY YOUNG Protoptile, white on head and 
neck, tinged grey (-) on body; described as pure white and silky 
(Murphy), and as dirty white (Watson 1975). Mesoptile, long 
and woolly; grey (Murphy) or brownish grey (Matthews 1951), 
fading to grey-white in older birds. 


STAGE 1 All juveniles and probably no other ages, 
have this plumage; unknown when lost. HEAD AND NECK 
(GC=1). Chin to mid-throat, forehead and face, white. Rest, 
dark brown (121); all feathers have concealed white bases, 
narrowest on crown and nape; those of nape have fine white 
tips. UPPERPARTS (GC=1), dark brown (121), feathers of 
mantle and upper back, and shorter scapulars, have narrow 
open pennaceous brown (119B) tips, perhaps becoming larger 
with wear. TAIL (GC=1), black-brown {c19). UPPERWING 
(GC=1). Coverts, black-brown (119); marginals have narrow 
white fringes. Remiges look grey-black (82) when fresh, be- 
come black-brown (119) with wear. Shafts, cream (54), grading 
to brown (23) tips; in flight, pale primary shafts contrast 
strongly with rest of dark upperwing. UNDERPARTS, dark 
greyish-brown (cl21)}; feathers have white bases, smaller on 
upper breast, occasionally exposed in centre of lower breast 
and belly but concealed elsewhere. Axillaries, white; upper- 
most sometimes have dark greyish-brown (cl21) upper web. 
UNDERWING,. Most coverts, white; on leading-edge between 
carpal joint and p10 have grey-black (82) outer web. Marginal 
coverts and lesser subhumerals at base of wing, sometimes 
dark greyish-brown (c121), giving appearance of dark pre- 
axillary notch. Remiges, grey-black (82), reflecting grey (84) in 
some direct light. 

STAGE 2 Does not occur on breeding birds at 5. 
Georgia (Tickell 1968). At Macquarie I., not yet found on 
breeding birds, but recorded in 4-, 6- and 14-year-old females 
(Tomkins 1984b), Age of attainment, unknown; probably at 
1-2 years because brought about by wear and replacement of 
juvenile plumage. HEAD AND NECK (GC=1-2), Pattern at first 
similar to Stage 1, but lower neck and hindneck later develop 
white mottling, causing brown appearance that does not con- 
trast with white face so strongly as in Stage 1, Feathers of 
crown and nape remain dark brown (121), giving dark-capped 
appearance to older birds. In the one skin examined, change 
in appearance was caused by wear, dark tips of feathers of neck 
having worn away to expose some white bases. UPPERPARTS 
(GC=1), beginning to obtain some white mottling, partly 
because wear exposes some white bases of feathers, especially 
on rump, and then because white feathers with heavy grey (84) 
or brown-erey (grey 121) vermiculations at tip appear to do so 
last on rump. TAIL, as Stage 1. UPPERWING (GC=?). Traces of 
white mottling appear in centre, most commonly at elbow; in 
the skin examined, caused by slightly exposed white bases to 
median and secondary coverts. Belly begins to whiten before 
upperwing. No white tips to feathers, contra Harrison (1985). 
UNDERPARTS, mostly off-white to white; younger birds often 
have dark-brown (121) under tail-coverts, flanks and band 
across upper breast, formed by remnant juvenile feathers. 
Dark tips of juvenile feathers on rest of underparts wear 
faster, last traces of tips causing off-white tinge. Emergent 
feathers, white; those on flanks and upper breast have dark- 
brown (cl21) or grey (84) vermiculations near tip. UN- 
DERWING, as Stage |. 

STAGE 3 At S. Georgia, not recorded on breeding 
males, on about 9% of breeding females; also recorded on two 
5-year-old and four 6-year-old pre-breeding females (Tickell 
1968). At Macquarie L., recorded on 8-year-old non-breeding 
male (not recorded in breeding birds), a 14-year-old female 
non-breeder and a female breeder at least 13 years old (Tom- 
kins 1984b). HEAD AND NECK (GC=2-3), mostly white, with 
dark-brown (121) cap on hindcrown and nape; feathers of 
crown, hindmost ear-coverts, and lower neck have dark- 
brown (119A) vermiculations at tip. UPPERPARTS (GC=3-4), 


white, heavily vermiculated dark brown (121) to grey (84) at 
tips of feathers; vermiculations tend to be fewest on mantle, 
rump and upper tail-coverts. TAIL (GC=2). Feathers, black- 
brown (c19) with white bases, largest on inner webs for about 
half length. When closed, tail looks white with broad dark 
sides and tip. UPPERWING (GC=2). Distinct but small white 
patch at elbow formed by white bases to secondary and 
median coverts. Elsewhere, white bases to secondary and 
lesser coverts are smaller. UNDERPARTS, white; upper breast 
and flanks vermiculated dark brown (c121) at tips of feathers; 
very slight vermiculations at tips of feathers on thighs and 
under tail-coverts. UNDERWING, as Stage L. 

Saas = At S. Georgia, recorded on about 8% of 
breeding males, and 69% of breeding females. Three 5-year- 
old pre-breeding males were in this condition (Tickell 1968); 
at Macquarie I, found in 15- and 16-year-old breeding males, 
and on two 14-year-old non-breeding males; recorded in five 
of 13 females, including a 16-year-old non-breeder and four 
breeding birds (Tomkins 1984b). HEAD AND NECK (GC=3-4), 
generally whiter than Stage 3; dark-capped appearance lost, 
although feathers of crown and nape tend to have larger dark 
vermiculation at tips than rest of head and neck. UPPERPARTS 
(GC=4), white, with dark-brown (121) to grey (84) vermicu- 
lations at tips of feathers, smaller than in Stage 3. TAIL(GC=2- 
3), usually looks white, with dark sides and tip narrower than 
at Stage 3. Some feathers in centre can be wholly white, and 
outer feathers may have more white at base, especially on 
inner web. Order in which white feathers appear varies, and 
tail can have streaked appearance by alternating white and 
dark feathers. UPPERWING (GC=3). Distinct white streak, 
broadest at elbow, extending about halfway to carpal joint, 
and halfway to body; formed by white bases to secondary and 
median coverts, largest on inner webs. Inner marginal coverts 
have smaller white bases, giving appearance of slight white 
mottling on inner leading edge. UNDERPARTS, white, with 
dark vermiculations at tips of feathers of upper breast and 
flanks. UNDERWING, as Stage 1, but no dark pre-axillary 
notch. 

STAGE 5 At S. Georgia, occurs on about 15% of 
breeding males, and 20% of breeding females (Tickell 1968). 
At Macquarie I., recorded on five of 17 males, including one 
19-year-old, and in a bird at least 2 years old; not recorded in 
13 females (Tomkins 1984b). HEAD AND NECK (GC=5-6), 
white, with narrow dark vermiculations on tips of feathers of 
neck. UPPERPARTS (GC=5), white; dark vermiculation at tips 
of feathers, indistinct; can be lost with wear. TAIL (GC=3)}, 
mostly white; outer feathers have grey-black (82) to black- 
brown (c119) markings on outer webs. UPPERWING (GC=4-5} 
White elbow-patch larger than in Stage 4, forming broad 
white wedge, widest at junction with body, which runs down 
centre of wing, petering out near carpal joint. Broad dark line 
separates white wedge from narrow whitish leading-edge; rest 
of wing, grey-black (82), becoming black-brown (c19) with 
wear. White wedge formed by white humeral coverts, white 
secondary and median coverts at elbow, and by white inner 
webs and large white bases to outer webs of secondary coverts, 
median coverts and lower rows of lesser coverts. Except at 
elbow, white areas usually vermiculated grey (c84) at tips. 
Grey-black (c82) spot at tips of these coverts is larger in out- 
ermost feathers and in those closer to leading-edge; near 
carpal joint, and in upper rows of lesser coverts, these dark 
spots are the only exposed parts of the feathers, forming dark 
leading-edge to white wedge. Marginal coverts, white, with 
varying narrow grey-black (c82) tips, forming pale leading- 
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edge. UNDERPARTS, white. UNDERWING, as Stage 4. 

STAGE 6 At S. Georgia, occurs on about 23% of 
breeding males and less than 3% of breeding females (Tickell 
1968). Recorded in 37% of Macquarie I. males, including two 
birds at least 21 years old; not recorded in Macquarie I. females 
(Tomkins 1984b). HEAD AND NECK, UPPERPARTS, UNDER- 
PARTS, as Stage 7. TAIL (GC=3, occasionally 4), white; usually 
some outer tail-feathers have grey-black (c82) markings near 
tip of outer web that give appearance of dark sides to tail. 
UPPERWING (GC=5). Dark spots at tips of outer webs of lesser 
coverts smaller than in Stage 5; almost absent in some, so 
white wedge looks continuous with white leading-edge. 
White area does not extend beyond carpal joint. UNDERWING, 
as Stage 4. 


BARE PARTS Except where stated, based on photo- 
eraphs in Lindsey (1986), NZRD, and unpublished (D.W. 
Eades). 

D.e. chionoptera and D.e. exulans. 

ADULT Plumage Stages 2-7. Iris, black-brown 
(119) to dark brown (22). Eye-ring white, sometimes with pale- 
blue (-) or pale-green (-) tinge. Pink (108D), scarlet (Falla 1937) 
and lacquer red (Murphy) also reported; these colours prob- 
ably associated with bill-flush described below, but they have 
also been attributed to blood infusion following injury or 
death (Falla 1937). In 15 photographs examined, on birds at 
Macquarie I. in Jan. or Feb., on others in Aust. waters in win- 
ter, and some at breeding grounds without dates: bill, mostly 
light pink (pale 7) to light orange-pink (light 5), sometimes 
with deeper pink (7-108D) culminicorn, nares and base of 
ramicorn. Ungues usually cream (92), occasionally pink- 
white, sometimes with green-blue (65) to light grey (85) base to 
maxillary unguis. These photographs assumed not to be of 
adults in early breeding season, when Murphy described bill 
as yellow-buff and Matthews (1951) described bills as grading 
from pink at base to yellow at tip. Tomkins (1983) regarded 
whitish-bone as normal colour at Macquarie I. between late 
Nov. and early Mar.; noted that bill of many breeding birds 
rapidly became pink or deep purple when handled, returning 
to original colour after an hour or two. This bill-flush may 
have been more common after laying; 19 non-breeders and 
three fledgelings did not flush. Photographed birds described 
above assumed to show various stages of flush. Flushing ot bill 
at Macquarie I. may occur for only short period; for, at 8. 
Georgia, bill is salmon-pink (Murphy) or rose-pink (Matthews 
1951) in winter when large chicks are being fed, and at Anti- 
podes I. some adults have bright pink bills throughout incu- 
bation and nestling periods. Flushing not given by non- 
breeders in Antipodes Il. (Warham & Bell 1979; Tomkins 
1983). Flushing appears to be caused by increased flow of 
blood below ramphotheca; perhaps breeding condition, stress 
and heat shedding may bring it on (Warham & Bell 1979; 
Tomkins 1983). Pink colour is lost shortly after death. Light 
brown (-}) lower tomia have been seen on a bird from Anti- 
podes I. (C.J.R. Robertson), an inconspicuous marking that 
has not been looked for in other populations. Tarsus and toes 
vary from pale horn (92) or pale brownish-grey (c85), at least 
sometimes with pinkish (-) spot at heel, to pink-white or pink 
(3). In dark footed birds, front of tarsus and tops of toes often 
paler. Webs, pale brown-grey (c85) or pale blue-grey (88) to 
pink (-). Pink coloration of feet apparently associated with 
flush (Murphy; Tomkins 1983; Warham & Bell 1979). Soles, 
grey (84) to pinkish (-). Claws, pale horn (92) to pink-white or 
white. 
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DOWNY YOUNG In protoptile: iris, dark grey 
(Rand 1954); bill, pinkish white with cream tip, at least some- 
times with green-blue (65) base to maxillary unguis; feet, 
brown (Murphy) or bluish grey with white claws (Rand 1954). 
Feet later become whitish or flesh with darker webs (Murphy); 
large chicks have iris and bill colour similar to juvenile. 
JUVENILE Similar to adults, but much pink flush- 
ing of bill, eye-ring and legs not reported. However, several 
juveniles photographed at breeding grounds or at sea had 
mostly pink-horn to light-pink (pale 7) bill contrasting with 
pale horn (c92) unguis. 


MOULTS Based on skins of 34 birds, including nine 
breeding adults from Auckland and Antipodes Is, five juven- 
iles and 20 birds at plumage Stages 2-7 from Vic. and NZ 
waters, mostly beachcast (MV; NMNZ). 

ADULT Stages 3-7. Remiges replaced in staffel- 
mauser, interrupted, at least by breeding birds, during breed- 
ing season. Non-moulting birds have a jumble of primaries of 
different ages, at least three generations of feathers being rec- 
ognizable in primaries of some. Fifteen wings from 12 skins, 
including ten beacheasts, have been examined with active pri- 
mary moult; mean number of growing primaries = 2.0 (15; 
1-4. 1.0). As with primary wear, often asymmetry in number 
of growing primaries in each wing, the most extreme case 
being two beachcast D.e. exulans with three growing pri- 
maries in left wing, one in right. Of nine wings examined with 
more than one growing primary, all had 2-3 adjacent pri- 
maties in growth, and only two had two active moult-centres. 
In most of these, waves of moult were moving outwards, but 
in two birds, both with moult formula O7172!N!0?, waves of 
moult may have been moving inwards. Sequence of moult of 
secondaries, unknown; usually occurs at same time as pri- 
maries; may be up to four moult-centres in secondaries of one 
wing (D,W. Eades photograph). Tail-moult generally occurs at 
same time as primary moult; waves begin centrifugally from 
two points, usually t2 and t5, Body-moult has only been 
checked on five non-juveniles, all of which had heavy body- 
moult; two were adults with chicks, collected from Antipodes 
Is. in late Nov.; others collected at sea or beachcast between 
May and Aug, 

Adults moulting near nest at Marion I. in late Mar. (Rand 
1954). Of nine adults collected on breeding grounds at Auck- 
land or Antipodes Is between late Nov. and Feb., only one had 
a growing primary; may have been accidental moult. These 
birds had between Oand 8 old primaries; even in those with no 
old primaries, subtle differences in wear of different primaries 
contrasted with uniform wear of juvenile wing. Of 20 birds 
beachcast or collected at sea between Apr. and Nov., 11 had, 
and nine had not, active primary moult; perhaps, as claimed, 
moult occurs in years when breeding does not take place. 
Active moult of remiges recorded in D.e. chionoptera in Feb. 
Piccuteeel OnLy 

POST -JU VENILE Unknown when primary moult 
begins; beachcast in Wellington on 10 June still had fresh 
primaries, but had begun moult in head, neck, back and under 
wing-coverts. 


MEASUREMENTS D.e. exulans: (1) Auckland Is, 
freshly dead adults (NMNZ). (2) Auckland Is, adult skins 
(NMNZ). (3) Auckland Is, live birds; methods unknown 
(Robertson 1975). (4) Antipodes I., freshly dead adults 
(NMNZ). (5) Antipodes I., adult skins (NMN2Z). (6) Antipodes 
L., live adults; WING = flattened chord; other methods as here 


(Warham & Bell 1979). 


MALES FEMALES 
WING (1) 635, 642, 660 636 
(3) 649 (630-665, 5) 642 (625-657. 11) 
(4) 645, 640 626 (16.0; 602-636, 4) 
(6) 655 (17.0; 8) 626 (5.0; 6) 
8TH P (2) 342, 355, 354 
(5) 347 339 (10.9; 326-352; 4) 
TAIL (1) 203, 204 203 
(4) 205, 193 192.0 (7.48; 182-200; 4) 
(6) 203 (2.85; 8) 199 (6.11, 6) 
BILL ig a a 143.5 
(3) 152.1 (150-154; 5) 142.8 (138-147; 11) 
(4) 152, 148.5 141.5 (3.2; 135.5-148.1; 4) 
(6) 1481 (2.32) 8h 138.0 (4.55; 6) 
BILLD (6) 41.4 (1.55; 8} 37.0 (1.74; 6) 
TARSUS (1) 120, 117.1, 118.5 
(4) 119, 122 112.6 (4.46; 110-119.2; 4) 
(6) 116.6 (3.24 8) 108.7 (2.87; 6) 
TOE (1) 169, 164.2, 169 158.5 
(4) 168, 169 162.3 (4.67; 159-169.2; 4} 


(6) 


176.6 (2.34; 8) 


167.0 (7.00, 6) 


Unsexed birds (7) Auckland Is, live birds; methods 
unknown (Robertson & Jenkins 1985). 


WING (7) 


647 (185-205, 12) 


BILL (7) 147.6 (140.4-156.7, 12) 
TARSUS (7} 114 (108.8-119.5, 12) 
(7) 161.3 (154.0-176.5; 12) 


TE 


D.e. chionoptera: (1) Macquarie L., live birds at Stages 3-7; 


measurements for breeders and non-breeders, which do not 
differ significantly in this sample, combined. Bill length from 
junction of skin and culmen to most distant point of curve of 
maxillary unguis; bill depth at shallowest point; other 
methods as here (Tomkins 192@4b). (2) Indian Ocean, skins, 
including specimens from Marion IJ. and Iles Kerguelen and 
Crozet, and adjacent waters; methods probably as here 
(Murphy). (3) S. Georgia, adults; methods unknown (Tickell 


1968). 
MALES FEMALES 
WING {1} 671 (16.7; 635-701; 17) 635 (14.0; 618-657; 10) * 
(2) 640 (625-679: 10) : 
(3) 679 (14.4; 655-710, 21) 657 (13.7; 630-680; 22) * 
TAIL (1) 220 (9.0, 201-228; 17) -204 (8.0; 193-215; 10) * 
(2) 197 (190-205; 10) 
(3) 227:(7.40; 215-246; 21) 215 (6.23; 20,6-22.7; 23) * 
BILL (1) 165.8 (5.98; 158-181; 17) 158.3 (2.95; 156-166; 10)“ 
(2) 171 (162-177; 10) ' 
(3) 169.1 (4.03; 163-180: 21) 163.8 (3.62; 195-171; 23) * 
BILLD = (1)._—( 37.0 (1.39, 34.8-40.4; 17) 33.5 (1.73; 31.1-36.7; 10) * 
(3) 40.1 (1.66; 37.2-44.6; 21} 35.8 (1.92; 32.0-40.0; 22) * 
TARSUS (1) 126.7 (2.02; 123-132, 17) 120.6 (1.78; 117-123; 10) * 
(2) 123.2 (118-128; 10) 
(3) 118.0 (4.61; 110-127: 21) 35.8 (1.92; 32.0-40.0; 22) * 
TOE (1) 164.8 (5.12; 148-172; 17) 159.8 (5.22; 151-169; 10) * 
(2) 171.7 (167-176; 10) 
(3) 184.4 (6.93; 172-193; 21) 174.7 (4.73; 165-181; 22) * 


Unsexed birds: (4) Iles Crozet; methods unknown (Voi- 


sin 1969). 


WING (4) 678 (4.0; 640-788; 40) 
BILL (4) 154.7 (0.9: 141-165; 40) 
WEIGHTS All in kg. (1) S. Georgia, adults (Tickell 


1968). (2) Macquarie I., Stages 3-7, breeders and non-breed- 
ers. (3) Antipodes I., breeders and non-breeders, 19, 23 Feb. 
(Warham & Bell 1979). 


MALES FEMALES 


(1) 9.768 (0.875; 8193-11907; 20) 7.686 (0.559: 6.719-8.703;, 22) 
(2) &.0, 8.6, 8.6 6.8, 6.4, 75 
(3) 7.35 (0.75; 8) 5.67 (0.94; 6) ae 


Unsexed birds: (4) Marion I.; combined data for unsexed 
adults and incubating females (Brown & Adams 1984). (5) Iles 
Crozet (Voisin 1969). (6) Auckland Is (Robertson & Jenkins 
1985). 


i4) 8.02 (0.96; 9) 
(5) 9.58 (0.2; 6.80-11.5; 40) 
(6) 5.96 (5.0-7.1; 10) 


During incubation shifts at $. Georgia, males lose c. 85 
g/day, and females c. 80 g/day, amounting on average to 17% 
of body weight per shift; weights at beginning of shifts, esti- 
mated from individuals weighed three times during shifts, in 
males 10.5 (0.80; 9.49-11.94. 10), in females 9.00 (0.91; 8.18- 
9.83; 9). No evidence for general decline of weight during 
incubation period (Croxall & Ricketts 1983). Little other in- 
formation on temporal variation; feeding birds off NSW in 
winter 8.3 (5.9-11.3; 108; Gibson 1967), but sex and origin of 
birds unknown. NZ beachcasts, ages combined, believed to be 
D.e.exulans on basis of length of bill: males 6.16 (1.261; 3.560- 
8.520; 14), females 4.87 (1.31; 3.33-8.02; 7); these include 
emaciated birds of 3.33 (fernale), 3.56 (male), males with no fat 
of 7.76, 5.74, and 5.95, and a fat juvenile female weighing 
5.03. 


STRUCTURE Wing, very long and narrow. Eleven pri- 
maries; p11 minute. In five Auckland Is birds, p10 longest, p9 
14-26 shorter, p8 41-69, p7 81-117, p6 136-180, p5 189-243, 
p4 241-301, p3 293-336, p2 340-369, pl 368-398. In six Anti- 
podes Is birds, p10 longest, p9 7-20 shorter, p8 35-53, p7 
80-103, p6 127-150, p5 175-207, p4 237-268, p3 287-321, pZ 
329-360, pl 357-386; wings possibly less pointed than at 
Auckland Is, but few data. About 38 secondaries, including 
seven tertials; 12 humerals, about same length as secondaries. 
Tail, short and rounded; 12 feathers. Bill, long and heavy, least 
deep in centre; maxillary unguis, hooked and mandibular 
unguis slightly decurved. No sulcus; plates of bill sharply de- 
fined. Nostril tubes, short with straight sides; nares point 
obliquely forwards and slightly upwards (differing from D. 
epomophora in which sides of nostril tubes bulge outwards and 
nares face slightly inwards). Tarsus slightly laterally com- 
pressed; scales hexagonal, 2-4 mm in diameter. Feet webbed, 
webs cancellate. Middle toe longest, outer 96-97%, inner 83- 
88%; no hind toe. 


GEOGRAPHICAL VARIATION Mostly in size and 
plumage whiteness attained; juvenile plumages similar in all 
populations. Slight evidence for geographical variation in 
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flushing of bill is discussed in Bare Parts. D.e. chionoptera, 
described in Plumages, breeds 5. Georgia, Prince Edward, 
Crozet, Kerguelen and Macquarie Is. N. populations, pres- 
ently combined as one subspecies D.e. exulans, breed at Tris- 
tan da Cunha, Auckland, Antipodes and Campbell Is (Peters). 
All smaller than chionoptera, notably in length of bill. Plu- 
mages are similar to those of chionoptera, but the snowy 
plumage, Stages 6 and 7, is seldom, perhaps never, attained; 
breeding apparently begins in darker plumages. Antipodes I. 
birds have been said to be darker than in other populations 
(Falla 1937; Warham & Bell 1979) but adequate data have yet 
to be published. Ten birds collected or photographed from 
Antipodes 1. (six breeding birds from NMNZ, two pairs of 
unknown status in Warham & Bell 1979 and NZRD) had 
cumulative Gibson scores ranging from 5-11 (plumage Stages 
3-5); in nine collected or photographed at Auckland Is 
(NMNZ; Lindsey [1986]; ].A. Bartle), cumulative Gibson 
scores 10-17 (plumage Stages 3-5). No comparable data avail- 
able for extralimital populations at Tristan da Cunha and 
Gough I., which used to be classed as separate subspecies on 
basis of small size; published measurements in Murphy, 
Hagen (1952) and Elliott (1957) are too few to support any 
conclusion. Birds from Ile Amsterdam, once combined with 
D.e. exulans (Peters), are now classified as separate species D. 
amsterdamensis (Roux et al. 1983; Jouventin & Roux 1983; 
Jouventin et al. 1989). Their plumages are similar to younger 
stages of D.exulans, most birds breeding at plumage Stage ?; 
measurements published in Jouventin et al. (1989) seem simi- 
lar to those of D.e. exulans. The major difference is in bill 
colour: D. amsterdamensis have conspicuous dark-brown 
lower tomia, similar to those of D. ebomophora, and ungues 
are dark brownish-green, darker than rest of bill. 

DIR 
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Plate 15 


Royal Albarrass Diomedea epomophora epomophora 
. Juvenile, dorsal, Stage 1 

. Juvenile, ventral, Stage 1 

. Dorsal, Stage 2 

. Dorsal, Stage 3 

. Adult, dorsal, Stage 5 

. Adult, ventral, Stage 5 
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High-Fidelity Optimization of Flapping Airfoils and 
Wings 


Matthew Culbreth,* Yves Allaneau* and Antony Jameson! 
Stanford University, Stanford, CA 94305, USA 


We present the results of several optimizations for 2D airfoils and 3D wings undergoing 
periodic, flapping-type motions. Optimizations are achieved by coupling high-fidelity 2D 
and 3D Navier-Stokes solvers with a gradient-based optimization algorithm. In 2D we 
consider a pitching and plunging NACA0O012 airfoil and investigate the maximization of 
the propulsive efficiency. In 3D we consider a rectangular wing that is hinged at the root. 
The motion of the 3D wing is parameterized by spline control points that allow span-wise 
variation of both the dihedral angle and twist angle, allowing complex wing motions and 
deformations with relatively few parameters. Propulsive efficiency is maximized for the 
3D wing in an non-twisting case as well as using one, two and four of these span-wise twist 
control points. The results of the optimizations lead to several conclusions, including that 
pitching and twisting can significantly improve the attainable propulsive efficiency, can 
delay the onset of leading edge separation, and that solutions that maximize propulsive 
efficiency appear to operate at the limit of leading edge separation. 


Nomenclature 
f Frequency of oscillation 
av Pitch Angle (2D) and twist angle (3D) 
0 Dihedral Angle (3D) 
h Plunging amplitude (2D) 
) Phase offset corresponding to a 
w Phase offset corresponding to 6 
its Modified propulsive efficiency 
P Aerodynamic power 
Cr Lift coefficient 
Cp Drag coefficient 
x Vector of optimization parameters 


es 
= 


Optimization objective function 


g(x) Non-linear constrain functions 

Ax Linear optimization constraints 

] Lower optimization constrain bound 

u Upper optimization constrain bound 

Subscript 

a Coordinate directions 

bl Value at k®” or I: control points for the dihedral or twist angle, respectively 


*Doctoral Candidate, Department of Aeronautics & Astronautics, Stanford University, AIAA Member 
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I. Introduction 


There has been a significant increase in research interest in the aerodynamics of flapping wings within 
the last decade. Flapping wing flight has become a significant engineering research direction, with the 
miniaturization of electronic components and increases in battery energy density allowing for the creation of 
a class of small-scale unmanned flying vehicles generally referred to as micro air vehicles (MAVs). Flapping 
wings are of particular interest for this application both because of the numerous, highly-successful examples 
of flapping wing flight found in nature and because flapping wings provide an attractive flight system that 
provides lifting, thrust and control in a single package. Investigation of flapping wing flight is also of 
significant importance to the fundamental science of aerodynamics. The development of aircraft over the 
last century has provided a significant and mature body of understanding of the physics of steady-state 
fluid dynamics across a wide range of flight speeds. This work generally has little application, however, to 
the complex and unsteady flapping wing flight regime. Fortunately, high-fidelity computational tools and 
associated powerful computational hardware now allow for accurate simulation of flapping wings, making 
it possible to begin to understand the physics of this type of flight. These high-fidelity simulation tools 
have also opened new possibilities for research into the fluid dynamics of bird and insect flight within the 
biology community. These tools now allow detailed examination in areas such as the relationship between the 
kinematics and the resulting forces such as lift and thrust and the flow physics associated with the numerous 
examples of animal flight mechanisms. 

Flapping wing flight is complex and difficult from a research and design stand-point. As previously 
mentioned, very few of the efficient computational design tools used for large aircraft design can be used in 
the unsteady, low Reynolds number regime. Accurate simulation of flapping wings requiring costly unsteady 
numerical flow simulations that can accommodate large mesh motions and deformations and feature low 
numerical dissipation to accurately capture the complex, vortex dominated flow physics. A second difficulty 
is that there are many degrees of freedom in the parameterization of flapping wing motions when considering 
a flexible wing in a generalized periodic flapping motion. While much has been learned from observing the 
flight of birds and insects, it is still far from clear how to couple wing flexibility and flapping motion in an 
efficient or optimal way for a given flight performance metric. Additionally, it is not clear how to compactly 
parameterize flapping wing motion while still retaining the appropriate level of complexity of motion required 
for efficient flight. 

We propose to address the issues associated with selecting an appropriate parameterization and then 
identifying the parameter values that yield efficient performance by using a numerical optimization process. 
We have developed 2D and 3D viscous flow solvers that are specifically tailored to simulating a flapping 
wing. ‘These codes are coupled to a gradient-based numerical optimization algorithm. The optimization 
process is then used in conjunction with parameterizations of varying complexity to both identify optimal 
flapping motions and also investigate the trade-off between the complexity of the motion and the attainable 
performance. In this paper we specifically address the optimization of propulsive efficiency in the 2D and 
3D case. In 2D we investigate the pitching and plunging airfoil case. In 3D we investigate a flapping and 
twisting wing that is hinged at the wing root and has varying degrees of complexity of span-wise twist. We 
compare the results of these optimizations both to understand the attainable limits of propulsive efficiency 
and the cost versus benefit of adding additional degrees of freedom to the wing motion. 











Background 


The study of flapping wings dates back to the beginnings of the study of aerodynamics itself , with attempts 
at constructing flapping wing vehicles that predate the first powered aircraft. The development of the 
theory of flapping wings through the twentieth century was somewhat of a footnote in the evolution of 
aerodynamic theory, which was largely driven by understanding transonic and supersonic fixed-wing flight. 
Early examples of flapping wing theory come from the work of Theodorsen! and Garrick,? who developed 
analytic models for airfoils undergoing small-amplitude oscillations in 2D potential flow, work that was 
largely motivated by attempts to understand aeroelastic flutter. Lighthill? and Weis-Fogh,* among others, 
performed pioneering research on the aerodynamics of biological fliers including the elucidation of some of the 
complex aerodynamic mechanisms used by these creatures. Interest in flapping flight increased significantly 
towards the end of the twentieth century as steady aerodynamic theory reached maturity and improvements 
in algorithms for computational fluid dynamics (CFD) and increasing computing power made higher-fidelity 
simulations of flapping wings possible. Early numerical simulations of flapping wings were carried out using 
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unsteady vortex-lattice and panel methods. Current computational capabilities allow for high-fidelity, 
3D, unsteady Navier-Stokes simulations of flapping wings. A number of detailed CFD studies have been 
completed, including work by Jones, et. al.,”°® Shyy et. al.,'+ Persson et. al.,? and Ou et. al.'° 

There has also been long-standing research interest in optimization of flapping flight, based partially on 
the assumption that natural fliers operate in a manner that is optimal in some sense. R.T. Jones!” developed 
an expression for the optimal lift distribution along the wing during flapping motion by minimizing induced 
drag for a given wing bending moment in potential flow. Hall and Hall!? compute the optimal span-wise 
circulation distribution on a thrusting and lifting wing using a 1D integral solution in the small amplitude case 
and a vortex-lattice code in the large amplitude case. Hamdaoui et. al'+ use a multi-objective evolutionary 
algorithm coupled with analytic flapping wing models to optimize various flight metrics. Ito!° couples a 
vortex-lattice model with a hybrid optimization method that combines a genetic algorithm with a sequential 
quadratic programming algorithm. Strang?!® utilizes a vortex-lattice code in conjunction with the gradient- 
based optimization to investigate the optimal flapping gait of a Pterosaur wing. Milano and Gharib!’ couple 
a genetic algorithm to an experimental apparatus with a two degree of freedom flapping rectangular plate to 
maximize average lift force. Tuncer and Kaya!® use gradient-based optimization coupled with a 2D overset- 
erid Navier-Stokes solver to maximize thrust and propulsive efficiency of a pitching and plunging airfoil. 
Willis et. al.? uses a multi-fidelity approach to optimize flapping wing performance metrics. In their work, 
flapping motions are generated using optimal wake vorticity distributions generated by a wake only method, 
which are then further refined using a panel method and finally verified using a Discontinuous Galerkin-based 
3D Navier-Stokes solver. 

In this work we propose to couple a 3D Navier-Stokes solver with a gradient-based optimization in order 
create a framework for investigating various combinations of flapping motions and optimization objectives. 
The details of this framework and several optimization results are presented in the remained of this document. 











II. Optimization Framework 


Optimization Input File 
Alg O rit h mM Objective Motion Solve ' 
Function Deformation 
Value 


Time History of Forces 





Figure 1. Software block diagram 


A block diagram of the software framework for solving flapping-wing optimization problems is shown in 
figure 1. The two major components are the optimization algorithm and the flow solver, with a “wrapper” 
that mainly serves as a light-weight interface between these two larger pieces of software. Details of the flow 


3 of 11 


American Institute of Aeronautics and Astronautics 


solver and optimization algorithm, as well as the formulation of the optimization problems are discussed in 
the remainder of this section. 


2D and 3D Navier-Stokes Solvers 


The 2D and 3D flow solvers are based on the low-dissipation kinetic energy preserving (KEP) finite volume 
scheme developed by Jameson?’:! and extended by Allaneau and Jameson.?* The kinetic energy preserving 
property of this scheme allows stability to be maintained with little or no artificial dissipation. This property 
is especially desirable for vortex dominated flows such as flapping flight since artificial dissipation tends to 
quickly and unnaturally dampen complex flow features. These codes have been specifically developed to 
simulate oscillating airfoils and flapping wings and to be integrated into an optimization framework. ‘The 
full details of this code can be found in the work of Allaneau et. al.?° 

A TVD Runge-Kutta second-order multistage time stepping scheme” is used for time integration. Struc- 
tured grids are used throughout, with 2D cases using a C-mesh and 3D cases using a C-H mesh. Both the 
2D and 3D solvers allow for mesh motion, with the 2D solver allowing rigid-body transformations of the 
mesh (enabling pitching and plunging motions), and the 3D solver allowing both rigid transformation and 
complex deformations of the mesh. The mesh deformations in 3D allow for a wide range of parameterized 
shape changes, such as wing bending and twisting as well as planform variations, among many other pos- 
sibilities. Deformations in 3D are accomplished in a computationally inexpensive manner using analytic 
transformations to a base, undeformed mesh via shearing, stretching and twisting operations. Examples of 
bending and twisting mesh deformations are shown in figure 2. 








Figure 2. Examples of 3D mesh deformation capabilities in the Navier-Stokes solver 


Optimization Problem 


We consider a constrained, non-linear optimization problem of the form 


minimize Ix 
, (1) 
subject to I< g(x) <u 
Ax 


where f is the optimization objective function, x are the optimization parameters, g(x) are non-linear 
constraint functions, A is a matrix of linear constraints on x, and 1 and u are the lower and upper constraint 
bounds. The optimization variables x parameterizes the motion and geometry of the flapping wing and f(x) 
and g(x) are functions of the time-averages of the force and power coefficients calculated by the flow solver. 
Details of the parameterization, the objective functions and the optimization algorithm for the 2D and 3D 
optimizations are given in the remainder of this section. 
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Parameterizations 


In the 2D case we consider single-mode sinusoidal pitching and plunging motions. In the general case these 
motions take the form 

a(t) = ag + acos(27 ft + ¢) (2) 

h(t) = hcos(2z ft) (3) 


The parameterization used in all cases considered herein consists of four optimization variables: the frequency 
f, the pitch and plunge amplitudes a and fh and the phase difference between pitch and plunge @. The base 
angle of attack ao is set to zero in all cases, yielding motions that are symmetric about the axis of free-stream 
flow. 

The 3D motion parameterization is intended to mimic typical flapping motions with combinations of 
varying dihedral angle at the wing root and twisting along the span. Smooth variation of the dihedral 
angle 0(s) and the twist angle a(s) (where s is the span-wise arc-length parameter) are generated by fitting 
piece-wise cubic splines through one or more control points along the span. Illustrations of the spline control 
points for dihedral angle and twist are show in figure 3. For the resulting surface deformation refer again to 
figure 2. 























Figure 3. Illustration of the 3D flapping parameterizations showing the dihedral angle (left) and the twist angle (right) 





The time-dependent flapping motion is parameterized by prescribing sinusoidal variation to a set of k 
dihedral control points and / twist control points spaced evenly along the span. Each control point maintains 
a parameter for the incremental dihedral angle 0; and the incremental twist a; along with associated phase 
angles ¢; for the flap angle and yy for the twist angle. The equations of motion are of the form 


O;,(t) = 0, cos(27 ft + dy) (4) 
a, (t) = a; cos(2a ft + yy) (5) 


The complete motion of the wing is parameterized by the frequency f, the dihedral and twist angles 6; and 
a,, and the dihedral and twist phase angles @, and wy, for k = 1...m and / = 1...n control points and 
resulting in 2m + 2n + 1 total optimization parameters. 


Components of the Objective Functions and Constraints 





Objective functions are based on time-averages of various integrated force and power coefficients calculated 
by the flow solver. These include the average lift C;,, average thrust Cy = —Cp and the aerodynamic power 
averages P.,,, e and P,. We also differentiate between the thrust-producing power P, = U,,Cr and the 
non-thrust-producing powers Zz and P,. In all cases these averages are computed by integrating over a single 
flapping cycle after a suitable number of periods have elapsed to allow the flow to reach a quasi- periodic 
state. 

Propulsive efficiency is a commonly used performance metric in propellers and flapping wing systems and 
the maximization of propulsive efficiency is an attractive objective function for the optimization of these 
systems. The propulsive efficiency is the ratio of thrust-producing power to the mechanical power required 
to flap the wing or to pitch and plunge the airfoil. However, as first observed by Jones and Platzer,° the 
propulsive efficiency is a discontinuous function. Furthermore, the discontinuity occurs in the vicinity of the 
maximum propulsive efficiency, making it a very difficult problem for many optimization algorithms. For 
this reason we use a “modified propulsive efficiency” n, given by 


es 
im = ——————— 
,|P2 + P2 + P? 
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This formulation removes the problem of a discontinuous objective function since, for all practical cases, 
We eae aires ae ea 


Optimization Algorithm 


A single objective function evaluation requires a time-accurate solution from the 2D or 3D flow solver. These 
solutions are computed on large clusters and typically use between 64 and 512 compute cores. However, even 
with these significant compute resources flow solutions take on the order of several hours. The significant 
computational cost of objective function evaluations motivates the use of a gradient-based optimization 
algorithm since these methods tend to require far fewer evaluations of the objective functions than gradient- 
free methods such as genetic algorithms so long as the objective function is locally smooth near the optimum. 
We have chosen to use the SNOPT package”? for all of the optimizations presented here. SNOPT is a widely 
used software library based on the sequential quadratic programming (SQP) method and is designed for 
use on constrained, non-linear optimization problems. Gradients are computed within SNOPT via finite- 
differences, which require on the order of n function evaluations per gradient calculation. The calculation of 
the gradients dominates the computational cost for all but the smallest problems, however since the function 
evaluations within each gradient calculations are independent the process can be parallelized. 








III. 2D Optimizations 


For the 2D pitching and plunging airfoil case we consider the maximization of the modified propulsive 
eficiency using a NACA0012 airfoil at a Reynolds number of 1850 based on the chord and a mach number 
of 0.2. The numerical solutions for all 2D cases use a 1024 x 128 C-mesh and are integrated over five periods 
to ensure that the force and power reach a periodic state. The force and power coefficients are integrated 
over the final oscillation cycle to obtain the averaged quantities for the objective function. The solver is run 
in parallel on a large cluster, typically using 64 compute cores per flow solution. Compute times are on the 
order of 2 hours per flow solution. Optimal solutions are validated using a 4096 x 512 mesh that is effectively 
DNS resolution for the given Reynolds number. 

The parameter values for the optimal cases are given in table 1. Figure 5 show the contours of vorticity 
magnitude at four points in the flapping cycle. Figure 4 contains the lift versus drag coefficient polars over 
one flapping cycle. 





Table 1. Optimal parameters for 2D maximization of modified propulsive efficiency 


Case Frequency ay h @ Vin 
Plunging 2.63 Hz - 0.252 - 12.1% 
Pitching/Plunging 4.61 Hz 19.78° 0.212 67.03° 31.4% 


The results from the optimizations show that an increase in modified propulsive efficiency from 12.1% to 
a maximum of 7,, = 31.4% is achieved by adding the pitching degree of freedom, and it is also interesting 
to note that the frequency nearly doubles for the pitching and plunging case. The lift versus drag polars in 
figure 4 give insight into the differences between these two cases. Non-lifting cases with 7,, = 100% must all 
lie along the line C;, = 0 since P, and P, must be everywhere zero. The efficiency of a given flapping cycle 
can then generally be inferred by observing the aspect ratio of the polar. ‘The wider and the polar along Cp 
and the narrower along C’,, the greater the magnitude of 7,,,, and additionally, for 7,, to be positive the polar 
must show a net thrust. This is seen in figure 4 where the pitching and plunging case shows a significant 
increase in thrust production compared with the plunging case with only a relatively small increase in lift 
through the cycle. 

The vorticity contours in figure 5 show the formation of significant leading-edge vortices on the up and 
down stroke in the plunging case. The pitching and plunging case, however, shows an absence of leading 
edge vortex formation. Close examination of the pitching and plunging case shows the formation of a small 
separation bubble that appears near the leading edge of the airfoil at the beginning of the up and down 
strokes and moves aft as the stroke progresses, but does not develop into a vortex. The formation of this 
separation bubble indicates that the flow is likely on the verge of stalling, which would lead to the formation 
of a full leading-edge vortex. This indicates that a characteristic of maximum propulsive efficiency in the 2D 
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Figure 4. Cy versus C’p polars for optimal 2D cases. The vertical axis represent lift and the horizontal axis represents 
drag. The left plot shows the polar for the plunging case and the right plot shows the polar for the pitching and 
plunging case. 





Figure 5. Vorticity visualization of the flapping cycle for maximum propulsive efficiency. The top row depicts the 
plunging case and the bottom row depicts the pitching and plunging case. Note that the vorticity contour colormaps 
values are not quite the same between the top and bottom rows. 


case is that the motion drives the flow to the limit of separation without exceeding it, which would cause a 
drop in suction and dissipate of excessive energy into the flow by forming a vortex. 


IV. 3D Optimizations 


For the 3D flapping wing case we consider the maximization of propulsive efficiency with increasing 
numbers of span-wise control points. The wing configuration in all cases has a rectangular planform with 
an aspect ratio of 8 and a NACAO012 airfoil section. The domain is discretized using an H-C mesh with 
256 x 64 x 64 cells and employs a symmetry plane. A mach number of 0.2 and a Reynolds number of 2000 
based on the chord length are used throughout and flow solutions are integrated over five flapping cycles, 
with the averaged force and power coefficients being integrated over the final flapping cycle. Flow solutions 
are run in parallel, typically using 256 cores, requiring approximately 3-4 hours of wall-time per simulation. 

We present results for four cases with a single dihedral control point (k = 1) and zero, one, two and 
four evenly spaced twist control points along the span (J = 0,1,2,4). The / = 0 case yields purely dihedral 
oscillation and is akin to the plunging airfoil case in 2D. The / = 1, 2&4 are akin to the pitching and plunging 
case in 2D with increasing complexity of spanwise twist distribution. In the | = 4 case the optimization 
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algorithm failed to improve on the results from the / = 2 case, and so further results from this case are not 
included. Table 2 contains a summary of the 3D optimizations. Figure 6 shows the wing geometry for each 
case with surface pressure contours at four points over one flapping cycle. Figure 7 shows the same plots 
with vorticity isosurfaces overlaid. Figure 8 shows the lift versus drag coefficient polars over one flapping 
cycle. 


Table 2. Summary of 3D maximization of propulsive efficiency for varying numbers of span-wise control points 


Control Points Frequency 0 Cumulative ‘Twist in 
0 3.626 Hz  6.53° 7 9.60% 
1 0.641 Hz 46.9° 62.5° 46.7% 
2 0.755 Hz 47.1° 58.4° 49.5% 
4 — — — No Improvement 


r r r r 
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Figure 6. Vorticity isosurface visualization of the flapping cycle for maximum propulsive efficiency. Color values are 


based on pressure. The top row depicts the case without twisting motion, the middle row depicts the case with one 
twist control point, and the bottom row depicts the case with two twist control points. 








The 3D results show that the addition of wing twist produces a significant improvement in the modified 
propulsive efficiency, increasing the propulsive efficiency from around 10% to almost 47% by allowing linear 
twist. The efficiency is further improved to nearly 50% by allowing for a more complex and non-linear twist 
distribution. There is also a significant decrease in frequency and increase in dihedral amplitude between 
the / = 0 and / = 1 cases, while there is a relatively minor change in the motion between the / = 1 and / = 2 
cases. All phase angles, which have been omitted for brevity, are within the range 90° + 10°. 

Figure 6 further illustrates the significant difference in the dihedral amplitude between the twist-free case 
and the twisting cases, while there is little discernible difference in the twist distribution with one versus two 
twist control points. Further analysis of the / = 2 case indicates that the twist angle reaches approximately 
78% of the final tip twist angle of 58.4° between the wing root and the mid-span control point, with relatively 
little additional twist occurring between mid-span and the wing tip. 
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Figure 7. Vorticity isosurface visualization of the flapping cycle for maximum propulsive efficiency. Color values are 
based on pressure. The top row depicts the case without twisting motion, the middle row depicts the case with one 
twist control point, and the bottom row depicts the case with two twist control points. 


The vorticity isosurface plots in figure 7 provide some insight into the flow physics of the different cases. 
The twist-free case shows evidence of significant leading edge separation during the up and down strokes 
towards the wing tips, while the plots for the twisting cases indicate much less leading edge separation. 
The twisting cases appear demonstrate some instability or separation bubble formation, with the | = 2 case 
appearing to reduce the severity of the instability over the / = 1 case. These findings are similar to the 
findings in the 2D cases in that the addition of pitching/twisting improves efficiency by apparently reducing 
or eliminating leading edge separation, and that high propulsive efficiencies are achieved by motions that 
are at the limit of leading edge separation. 

The polar plot in figure 8 also show trends that are similar to the 2D case. The polar for the twist-free 
case has a large C', range and a low-magnitude but largely negative (thrust producing) Cp range resulting in 
low efficiency. ‘The twisting cases show a reduced C’y, and increased thrust, both contributing to the increase 
in efficiency. Between the / = 1 and / = 2 cases the maximum thrust coefficient increases from approximately 
0.8 to 1.2 without a significant change in the C’, range. A noted difference between the 2D and 3D cases is 
that, while in the 2D case the Cy, range increases for the pitching and plunging case, in 3D the C7, range 
decreases for the twisting cases. It is not clear if this is a result of the fundamental difference between 2D 
and 3D flows, or if it an indication of potential room for further optimization of the 2D results. 











V. Conclusion 


Our results show that significant improvements are made to propulsive efficiency of by introducing pitch- 
ing motion in 2D and twisting motion in 3D. The physical mechanism for this improvement in both cases 
appears to be the elimination of the inefficient leading edge vortex by providing instantaneous angle of attack 
relief with respect to the motion of the wing or airfoil. The airfoil and wing both appear to be on the verge of 
forming leading edge vortices as evidenced by the appearance of separation bubbles and instabilities in plots 
of vorticity. Overall, results show that pitching/twisting are important mechanisms for producing efficient 
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Figure 8. Cy versus C’'p polars for optimal 3D cases. The vertical axis represent lift and the horizontal axis represents 
drag. The left plot shows the polar for the non-twisting case, the center plot shows the polar for the single control 
point case and the right plot shows the polar for the 2 control point case. 


thrust in flapping flight. In the 2D parameterizations the addition of two parameters to represent the ampli- 
tude and phase of a simple sinusoidal pitching or linear twisting motion provides significant improvements 
in the maximum attainable propulsive efficiency over the cases without these motions. The 3D results show 
that further improvements are made by increasing the complexity of the twisting motion by the addition 
of a second control point at mid-span. The resulting twist distribution with two control points shows a 
relatively large change from root to mid span and a relatively small change from mid-span to the wing-tip. 
The resulting flapping motion appears to further reduce the presence of instabilities related to separation. 

The work here represents an investigation into a small subset of the potentially interesting parameteriza- 
tions and objective for flapping flight. Fortunately, the optimization framework we use allows for the study 
of a wide rage of motions and objectives with relatively little modification. Interesting future work for the 2D 
case includes increasing the complexity of the parameterization by representing the motion via a sinusoidal 
expansion or piece-wise spline, or to allow for deformation of the airfoil geometry. There are a number of 
additional parameterization possibilities in 3D as well, include parameterizing the wing planform, allowing 
more dihedral control points, altering the airfoil section, and allowing for more complex parameter trajec- 
tories. The work here also only considers the unconstrained maximization of propulsive efficiency. Finally, 
an objective perhaps more relative to efficient flight is the minimization of input power given constraints on 
lift and thrust. This case relates to steady, level flight where the net thrust and lift are zero. 
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Glider soaring via reinforcement learning in the field 


Gautam Reddy!», Jerome Wong-Ng!”, Antonio Celani’, Terrence J. Sejnowski*?* & Massimo Vergassola!* 


Soaring birds often rely on ascending thermal plumes (thermals) 
in the atmosphere as they search for prey or migrate across large 
distances’ *. The landscape of convective currents is rugged and 
shifts on timescales of a few minutes as thermals constantly form, 
disintegrate or are transported away by the wind*®. How soaring 
birds find and navigate thermals within this complex landscape 
is unknown. Reinforcement learning’ provides an appropriate 
framework in which to identify an effective navigational strategy as a 
sequence of decisions made in response to environmental cues. Here 
we use reinforcement learning to train a glider in the field to navigate 
atmospheric thermals autonomously. We equipped a glider of two- 
metre wingspan with a flight controller that precisely controlled 
the bank angle and pitch, modulating these at intervals with the 
aim of gaining as much lift as possible. A navigational strategy was 
determined solely from the glider’s pooled experiences, collected 
over several days in the field. The strategy relies on on-board 
methods to accurately estimate the local vertical wind accelerations 
and the roll-wise torques on the glider, which serve as navigational 
cues. We establish the validity of our learned flight policy through 
field experiments, numerical simulations and estimates of the noise 
in measurements caused by atmospheric turbulence. Our results 
highlight the role of vertical wind accelerations and roll-wise torques 
as effective mechanosensory cues for soaring birds and provide a 
navigational strategy that is directly applicable to the development 
of autonomous soaring vehicles. 

In reinforcement learning, an animal maximizes its long-term reward 
by taking actions in response to its external environment and internal 
state. Learning occurs by reinforcing behaviour based on feedback from 
past experiences. Similar ideas have been used to develop intelligent 
agents that have achieved spectacular performance in strategic games 
such as backgammon® and Go’, visual-based video game play’” and 
robotics’. In the field, however, constraints imposed by variable 
and uncontrolled conditions prevent learning agents from using data- 
intensive learning algorithms and the optimization of model design 
needed for quicker learning. These are the conditions most often faced 
by living organisms. 

A striking example in nature is provided by thermal soaring. 
Atmospheric convection is not consistent across days and, even under 
suitable conditions, the locations, sizes, durations and strengths of 
nearby thermals are unpredictable. As a result, the distribution of sam- 
ples used to train the glider differs day-to-day. Gliders and birds oper- 
ate at spatial and temporal scales where fluctuations in wind velocities 
are due to turbulent eddies lasting a few seconds that may mask or 
falsely enhance a glider’s estimate of its mean climb rate. Further, the 
measurement of navigational cues using standard instrumentation 
may be consistently biased by aerodynamic effects that require pre- 
cise quantification. Here, we demonstrate that reinforcement learning 
can meet the challenge of learning to soar effectively in atmospheric 
turbulent environments. In past work, by contrast, the manoeuvring 
of an autonomous helicopter in ref. '’ is a control problem that is 
decoupled from environmental fluctuations and has little trial-to-trial 
variability. Past autonomous soaring algorithms have largely relied 
on locating the centroid of a drifting Gaussian thermal!*"!°, which 


is unrealistic, or have applied learning methods in highly simplified 
simulated settings'’~’” 

Using the reinforcement learning framework’, we may describe the 
behaviour of the glider as an agent traversing different states (s) by 
taking actions (a) while receiving a local reward (r). The goal is to 
find a behavioural policy that maximizes the ‘value’: that is, the mean 
sum of future rewards up to a specified horizon. We seek a model-free 
approach, which estimates the value of different actions at a particular 
state (called the Q function) solely through the agent's experiences during 
repeated instances of the task, thereby bypassing the modelling of 
complex atmospheric physics and aerodynamics (see Methods). The 
optimal policy is subsequently derived by taking actions with the 
highest Q value at each state, where the state includes sensorimotor 
cues and the glider’s aerodynamic state. 

To identify mechanosensory cues that could guide soaring, we 
recently combined the above ideas with simulations of virtual gliders 
in numerically generated turbulent flow”’. Two cues emerged from 
our screening: (1) the vertical wind acceleration (a,) along the glider’s 
path and (2) the spatial gradients in the vertical wind velocity across 
the wings of the glider (w). Intuitively, the two cues correspond to the 
gradient of the vertical wind velocity in the longitudinal and lateral 
directions of the glider, which locally orient it towards regions of higher 
lift. Simulations’? further showed that the glider’s bank angle is the cru- 
cial aerodynamic control variable; additional variables such as the angle 
of attack, or other mechanosensory cues such as temperature or vertical 
velocity, offer minor improvements when navigating within a thermal. 

To learn to soar in the field, a glider (wingspan, 2 m) was equipped 
with autonomous soaring capabilities (Fig. la, b). The glider is 
equipped with a flight controller, which uses a feedback control sys- 
tem to modulate the glider’s ailerons and elevator such that the bank 
angle and pitch take the values desired by the behavioural policy being 
used (we use two different behavioural policies during initial learning, 
and the gliders then implement a further policy—the final navigational 
strategy—after learning). Relevant measurements, such as the altitude, 
ground velocity (u), airspeed, bank angle (ju) and pitch, are made con- 
tinuously at 10 Hz with standard instrumentation (see Methods). At 
fixed time intervals, the glider changes its heading by modulating its 
bank angle in accordance with the implemented behavioural policy. 

Noise and biases that affect learning in the field require the devel- 
opment of appropriate methods to extract environmental cues from 
measurements made by sensory devices. We found that estimates of 
a, from the derivative of the vertical ground velocity (u,) are biased 
by longitudinal motions of the glider about the pitch axis as the glider 
responds to an imbalance of forces and moments while turning. By 
modelling the glider’s longitudinal dynamics, we obtain an unbiased 
estimate of the local vertical wind velocity (w,), and a, as its derivative 
(see Methods). The estimation of the spatial gradients across the wings, 
Ww, poses a greater challenge, as it involves the difference between two 
noisy measurements at relatively close positions. The key observation 
that we used here is that the glider rolls because of contributions from 
vertical wind velocity gradients, the feedback control mechanism and 
various aerodynamic effects. The resulting roll-wise torque can be 
estimated from the small deviations of the true bank angle from 
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Fig. 1 | Soaring in the field by using turbulent navigational cues. 
a, A trajectory (orange line) of our glider soaring in Poway, California. 
b, A cartoon of the glider showing the available navigational cues— 
gradients in vertical wind velocities (indicated by the length of the blue 
arrows) along the trajectory and across its wings, which generate a vertical 
wind acceleration a, and a roll-wise torque w, respectively. c, A sample 
trace of the estimated vertical wind velocity w, and corresponding a, 
obtained in the field. d, The measured bank angle ju and the estimated 
w during the same trial as in c. w (solid green line) is estimated from the 
small deviations of the measured bank angle (solid blue line) from the 
expected bank angle (dashed orange line) after accounting for other effects 
(see Methods). The black arrows mark the enlarged bank angle trajectory 
shown in the inset in the left panel. 


the desired one, and a new dynamical model allows us to separate 
the w contribution due to velocity gradients from the other effects 
(see Methods). A sample trace of the resulting unbiased estimate of 
w is shown in Fig. 1c, d, together with traces of w,, 44 and unbiased 
estimates of a,. 

Equipped with a proper procedure for estimating environmental 
cues, we next addressed the specifics of learning in the field. First, to 
constrain our state space, we discretized the range of values of a, and 
w into three states each: positive high (+), neutral (0) and negative 
high (—). Second, we found that learning is accelerated by choosing a, 
attained at the subsequent time step as the reward signal. The choice of 
az (rather than w,) is an instance of reward shaping that is justified in 
Supplementary Information, where we show that using a, as a reward 
still leads to a policy that optimizes the long-term gain in height. This 
property is a special case of our general result that a particular reward 
function or its time derivatives (of any order) yield the same optimal 
policy (Supplementary Information). Choosing w, as the reward fails 
to drive learning in the soaring problem, possibly because the velocities 
(and thus the rewards) are correlated across states and their temporal 
statistics strongly deviates from the Markovianity assumption in rein- 
forcement learning methods’. Velocity fluctuations in turbulent flow 
are long-correlated: that is, their correlation timescale is determined 
by the largest timescale of the flow (see, for instance, figure 9 of ref. *’), 
which is of the order of minutes in the atmosphere. Conversely, the 
correlation timescale of accelerations is controlled by the smallest 
timescale*!*? (the dissipation timescale in figure 7 of ref. *'). This is 
estimated to be only a fraction of a second, which is much smaller than 
the time interval between successive actions. Note that the previous 
experimental observations can be rationalized by the combination 
of the power-law spectrum of turbulent velocity fluctuations in the 
atmosphere and the extra factor of frequency squared in the spec- 
trum of acceleration versus velocity fluctuations». Finally, the glider’s 
experiences, represented as state—action-state-reward quadruplets, 
(Sts At St415 14), Were cumulatively collected (over 15 days) into a set 
E using explorative behavioural policies. Learning is monitored by 
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Training time (minutes) 
Fig. 2 | Convergence of the learning algorithm and the learned strategy 
for navigating thermal plumes. a, The convergence of Q values during 
learning as measured by the standard deviation of the mean Q value versus 
training time in the field, obtained by bootstrapping from the experiences 
accumulated up to that point. b, The final learned policy. Each symbol 
corresponds to the best action (increasing or decreasing the bank angle 
jt by 15° or maintaining the same jz, as shown in the key on the right) to 
be taken when the glider observes a particular (a,, w) pair and is banked 
at 44. Combined symbols depict pairs of actions that are equally rewarding. 
A positive (negative) w corresponds to a higher vertical wind velocity on 
the left (right) wing of the glider and a positive (negative) j corresponds to 
turning right (left) with respect to the glider’s heading. 


bootstrapping the standard deviation of the Q values from E (Fig. 2a), 
calculated through value iteration methods (see Methods). 

The navigational strategy derived at the end of the training period 
is presented in Fig. 2b, which shows the actions deemed optimal for 
the 45 possible states. The rows corresponding to w=0 resemble the 
Reichmann rules**—a set of simple heuristics for soaring, which sug- 
gest a decrease (increase) in bank angle when the climb rate increases 
(decreases). Our strategy also gives a prescription for bank: for instance, 
when a, and w are both positive (top row in Fig. 2b)—that is, in a sit- 
uation when better lift is available diagonal to the glider’s heading—it 
is advantageous not to bank to the extreme but rather to maintain an 
intermediate value between —30° and —15°. Importantly, the learned 
leftward (rightward) bias in bank angle on encountering a posi- 
tive (negative) torque validates our estimation procedure for w. 

In Fig. 3a, we show a sample trajectory of a glider that used the navi- 
gational strategy in the field to remain aloft for about 12 min while spi- 
ralling to the height of low-lying clouds (see also Extended Data Fig. 1). 
On a day with strong atmospheric convection, the time spent aloft is 
limited only by visibility and the receiver's range as the glider soars 
higher or is constantly pushed away by the wind. A significant improve- 
ment in median climb rate of 0.35 m s~' was measured in the field by 
performing repeated 3-min trials over 5 days (Fig. 3b, Mann-Whitney 
U=429, neontrol = 375 Mstrategy = 49, P< 10° * two-sided). Notably, this 
value reflects a general improvement in performance averaged across 
widely variable conditions without controlling for the availability of 
nearby thermals. 

To examine possible advantages of larger gliders due to improved 
estimation of torque, we further analysed soaring performance for 
different wingspans (J). Although the naive expectation is that the 
signal-to-noise ratio in the estimate of w scales linearly with 1, we show 
that the effects of atmospheric turbulence lead to a much weaker /!/° 
scaling (see Methods). Because testing our prediction would require 
a series of gliders with different wingspans, we turned to numerical 
simulations of the convective boundary layer, adapted to reflect our 
experimental set-up (Methods). Results shown in Fig. 3c, d are con- 
sistent with the predicted scaling. Intuitively, the weak 1/6 exponent 
arises because the improvement in estimation of the gradient is offset 
by the larger turbulent eddies, which only have a sweeping effect for 
smaller wingspans (that is, they do not rotate the glider but translate it, 
which does not affect the estimate of vertical velocity differences across 
its wings), and contribute to velocity differences across the wings as / 
increases. Our calculation yields an estimate of the signal-to-noise ratio 
of about 4 for typical experimental values; similar arguments for a, yield 
a signal-to-noise ratio of about 7. Experimental results, together with 
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Fig. 3 | Performance of the learned strategy and its dependence on the 
wingspan. a, A 12-min-long trajectory of the glider executing the learned 
strategy for navigating thermals in the field, coloured according to the 
vertical ground velocity at each instant. b, Experimentally measured climb 
rate for a control random policy (black dots) is compared against the 
learned strategy (red dots) over repeated 3-min trials in the field. Each dot 
represents the average climb rate in a single trial. To restrict the range of the 
axis, a few outliers are not shown. The limits on the y axis are from —2 m s~ 
to 1.5ms_'. The orange line in the box plot shows the median, the extent 
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simulations and signal-to-noise ratio estimates, establish a, and w as 
robust navigational cues for thermal soaring. 

The real-world intricacies of soaring impose severe constraints on 
the complexity of the underlying models, reflecting a fundamental 
trade-off between learning speed and performance. Notably, the choice 
of a proper reward signal was crucial to make learning feasible with the 
limited samples available. Although reward shaping has received some 
attention in the machine learning community”, its relevance to animal 
behaviour remains poorly understood. We remark that our navigational 
strategy constitutes a set of general reactive rules, with no learning 
occurring during a particular thermal encounter. A soaring bird may 
use a model-based approach of constantly updating its estimate of the 
location of nearby thermals based on recent experience and visual cues. 
Still, the importance of vertical wind accelerations and torques for our 
policy suggests that they are likely to be useful for any other strategy; 
our methods of estimating them in a glider suggest that they should be 
accessible to birds as well. The hypothesis that birds use those mechan- 
ical cues while soaring can be tested in experiments. 

Finally, we note that single-thermal soaring is just one face of a mul- 
tifaceted question: how should a migrating bird or a cross-country 
glider fly among thermals over hundreds of kilometres for a quick, yet 
risk-averse, journey”° *®? This calls for the development of effective 
methods for identifying areas of strong updraft based on mechanical 
and visual cues. Such methods, coupled with our current work, would 
pave the way to a better understanding of how birds migrate and the 
development of autonomous vehicles that can fly for long distances and 
long periods with minimal energy cost. 


Online content 

Any methods, additional references, Nature Research reporting summaries, source 
data, statements of data availability and associated accession codes are available at 
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METHODS 


Experimental set-up. A Parkzone Radian Pro fixed-wing plane of 2-m wing- 
span was equipped with an on-board Pixfalcon autonomous flight controller 
operating on custom-modified Arduplane firmware (http://www.ardupilot.org). 
The instrumentation available to the flight controller includes a GPS, compass, 
barometer, airspeed sensor and an inertial measurement unit. Measurements 
from multiple instruments are combined by an extended Kalman filter (EKF) to 
give an estimate of relevant quantities such as the altitude z, the sink rate with 
respect to the ground —u,, pitch @, bank angle yu and the airspeed V, at a rate of 
10 Hz (see Extended Data Fig. 2 for the definitions of the angles). Throughout the 
paper, we use js > 0 when the glider is banked to the right and ¢ > 0 for the glider 
pitched with its nose above the horizontal plane. For a given desired pitch og and 
desired bank angle jug, the controller modulates the aileron and elevator control 
surfaces at 400 Hz by using a proportional-integral—derivative feedback control 
mechanism at a user-set timescale 7 (see Extended Data Table 1 for parameter 
values) such that: 


dp. 

rae w) (1) 
de 

rae (2) 


The desired pitch is fixed during flight and can be used to indirectly modulate the 
angle of attack, a, which determines the airspeed and sink rate with respect to air 
of the glider (—v,). Actions of increasing, decreasing or keeping the same bank 
angle are taken in time steps of t, by changing jug such that ps increases linearly 
from J; to jf in time interval t,: 


t+ T 





f(t) = pb, + (uy — 4) (3) 


a 


Estimation of the vertical wind acceleration. The vertical wind acceleration is 
defined as: 


dw, 
a,= 
dt 


where uw and v are the velocities of the glider with respect to the ground and air 
respectively, and w is the wind velocity. Here, we have used the relation w=u — v. 
An estimate of u is obtained in a straightforward manner from the EKF, which 
combines the GPS and barometer readings to form the estimate. However, v; is 
confounded by various aerodynamic effects that affect it on timescales of a few 
seconds (Extended Data Fig. 3). Artificial accelerations introduced by these effects 
impair accurate estimation of the wind acceleration and thus alter the perceived 
state during decision-making and learning. Two effects strongly affect variations 
in vz: (1) sustained pitch oscillations with a period of a few seconds and varying 
amplitude, and (2) variations in angle of attack, which occur to compensate for 
the imbalance of lift and weight while rolling. In Supplementary Information, we 
present a detailed analysis of the longitudinal motions that affect the glider, sum- 
marized here for conciseness. Changes in v, can be approximated as: 





=< lu, -¥) (4) 


Av, = — V(Aa— Ad) (5) 


where A denotes the deviation from their value during steady, level flight. We 
obtain A¢ directly from on-board measurements, whereas Aa can be approxi- 
mated for bank angle ju as: 





Aa (ay-a)| : | (6) 


COS [lL 


where a is the angle of attack at steady, level flight and a; is a parameter that 
depends on the geometry and the angle of incidence of the wing. The constant 
pre-factor (ao — a;) is inferred from experiments. Measurements of u, together 
with the estimate of Av, are now used to estimate the vertical wind velocity w, 
up to a constant term, which can be ignored as it does not affect a,. The vertical 
wind acceleration a, is then obtained by taking the derivative of w, and is 
further smoothed using an exponential smoothing kernel of timescale o, (Extended 
Data Fig. 4). 

Estimation of vertical wind velocity gradients across the wings. Spatial gradi- 
ents in the vertical wind velocity induce a roll-wise torque on the plane, which 
we estimate using the deviation of the measured bank angle from the expected 
bank angle. The total roll-wise torque on the plane has contributions from three 
sources: (1) the feedback control of the plane; (2) spatial gradients in the wind 
including turbulent fluctuations; and (3) roll-wise moments due to various 
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aerodynamic effects. Here, we follow an empirical approach: we note that the 
latter two contributions perturb the evolution of the bank angle from equation (2). 
We can then write an effective equation 








du Hy Fb 


+ Wt) + Wrerg(t) (7) 
dt ‘a 


where w(t) and Waero(t) are contributions to the roll-wise angular velocity due to 
the wind and aerodynamic effects, respectively. We empirically find four major 
contributions to Waero: (1) the dihedral effect, which is a stabilizing moment 
due to the effects of sideslip on a dihedral wing geometry; (2) the overbanking 
effect, which is a destabilizing moment that occurs during turns with small 
radii; (3) trim effects, which create a constant moment due to asymmetric lift 
on the two wings; and (4) a loss of rolling moment generated by the ailerons 
when rolling at low airspeeds. We quantify the contributions from the four 
effects and model their dependence on the bank angle (see Supplementary 
Information for more details on modelling and calibration). An estimate of 
w is then obtained as: 


rr dys = Hy be 
dt a 





—Waero (8) 


Finally, an exponential smoothing kernel is applied to obtain a smoothed w 
(Extended Data Fig. 5). 

Design of the learning module. The navigational component of the glider is mod- 
elled as a Markov decision process, closely following the implementation used in 
ref. 7°. The Markovian transitions are discretized in time into intervals of size t. 
The state space consists of the possible values taken by a, w and js. To make the 
learning feasible within experimental constraints and to maintain interpretability, 
we use a simple tile coding scheme to discretize our state space: continuous values 
of a, and w are each discretized into three states (+, 0, —), partitioned by thresh- 
olds +K, and +K,, respectively. The thresholds are set at +0.8 times the standard 
deviation of a, and w. Because the width of the distributions of a, and w can vary 
across days, the data obtained on a particular day are normalized by the standard 
deviation calculated for that day. In effect, the filtration threshold to detect a signal 
against turbulent ‘noise’ is higher on days with more turbulence. The consequence 
is that the behaviour of the learned strategy could change across days, adapting to 
the recent statistics of the environment. The bank angle takes five possible values 
(0°, 15°, +30°), while the three possible actions allow for increasing, decreasing by 
15° or keeping the same bank angle. In summary, we have a total of 3 x 3 x 5=45 
states in the state space and three actions in the action space. 

We choose the local vertical wind acceleration a, obtained in the next time 

step as the reward function. The choice of a, as an appropriate reward signal is 
motivated by observations made in simulations from ref. *°. In Supplementary 
Information, we show that the obtained policy using a, as the reward function is 
equivalent to a policy that also maximizes the expected gain in height. 
Learning the strategy in the field. Data collected in the field are split into 
(s, a, s’, r) quadruplets containing the current state s, the current action a, the 
next state s’ and the obtained reward r, which are pooled to obtain the transition 
matrix T(s’ | s, a) and reward function R(s, a). Value iteration methods are used to 
estimate the Q values from T and R. The learning process is offline and off-policy; 
specifically, we begin training with a ‘random’ policy that takes the three possible 
actions with equal probability irrespective of the current state. This behavioural 
policy was used for 12 out of the 15 days of training. For the other days, a softmax 
policy’ with ‘temperature’ parameter set to 0.3 was used. For softmax training, the 
Q values were first estimated from the data obtained in the previous days and then 
normalized by the difference between the maximum and minimum Q values over 
the three possible actions at a particular state, as described in ref. 7°. 

Using a fixed, random policy as our behavioural policy has the disadvantage 
that it slows learning, as state—action pairs that rarely appear in the final policy are 
still sampled. On the other hand, it has the benefit that calibrating the parameters 
necessary for the unbiased measurement of a, and w (see Supplementary 
Information) is performed simultaneously with learning, which considerably 
reduces the number of days required in the field. Importantly, offline learning 
permits us to continuously monitor the variance of the estimated Q values by boot- 
strapping from the set E of accumulated (s, a, s’, r) quadruplets up to a particular 
point. Specifically, |E] samples are drawn with replacement from E, and Q values are 
obtained for each state—action pair by value iteration. The steps are repeated and 
the average of the bootstrapped standard deviations in Q over all the state-action 
pairs is used as a measure of learning progress, as shown in Fig. 2a. 

We expect certain symmetries in the transition matrix and the reward function, 
which we exploit to expedite our learning process. Particularly, we note that the 
Markov decision process is invariant to an inversion of sign in the bank angle 
jt — —p. This transforms a state as (a, w, 1) — (az —w, — 1) and inverts the action 
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from that of increasing the bank angle to decreasing the bank angle and vice versa. 
We symmetrize T and R as 








+ 
pym_ Po +T (9) 
2 
+ = 
pm RI +R (10) 
2 


where + and — denote the obtained values and those computed by applying the 
inverting transformation respectively. Finally, T°’" and R°”™ are used to obtain a 
symmetrized Q function, which results in a symmetric policy as shown in Fig. 2b. 
To conveniently obtain the policy that uses only a, (Fig. 3d), the above procedure 
is repeated with the threshold for w (K.,) set to infinity. 

Testing the performance of the learned policy in the field. To obtain the data 
shown in Fig. 3b, the glider is first sent autonomously to an arbitrary but fixed 
location 250 m above ground level. The learned policy for thermals is then turned 
on, and the mean climb rate (that is, the total height gained divided by the total 
time) is measured over a 3-min interval. To obtain the control data, the glider 
instead follows a random policy, which takes the three possible actions with equal 
probability. Trials in which we observe little to no atmospheric convection are 
filtered out by imposing a threshold on the standard deviation of the vertical wind 
velocity over the 3-min trial. In Extended Data Fig. 6, we show the distribution 
of the standard deviation in w, collected from about 240 3-min trials over 9 days. 
Trials below the threshold chosen as the 25th percentile mark (red dashed line) 
are not used for our analysis. 

Testing performance for different wingspans in simulations. Soaring perfor- 
mance is analysed in simulations similar to those developed in ref. 7° and adapted to 
reflect the constraints faced by our glider and the environments typically observed 
in the field. 

The atmospheric model consists of two components: (1) a kinematic model 
of turbulence that reproduces the statistics of wind velocity fluctuations in the 
convective atmospheric boundary layer; and (2) the positions, sizes and strengths 
of updrafts and downdrafts. The temporal and spatial statistics of the generated 
velocity field satisfy the Kolmogorov and Richardson laws” and the mean velocity 
profile in the convective boundary layer’, as described in the supplementary 
information of ref. 7°. Stationary updrafts and downdrafts of Gaussian shape are 
placed on a staggered lattice of spacing approximately 125 m on top of the fluctu- 
ating velocity field. Specifically, their contribution to the vertical wind velocity at 
position r is given by 

w= + We WD /0R?) (11) 
where r) is the location of the centre of the up(down)draft in the horizontal plane, 
W is its strength and R is its radius. W is drawn from a half-normal distribution of 
scale 1.5m s_', whereas the radius is drawn from a (positive) normal distribution 
of mean 40 m and deviation 10 m. Gaussian white noise of magnitude 0.2 ms“ is 
added as additional measurement noise. 

We assume that the glider is in mechanical equilibrium; the lift, drag and 
weight forces on the glider are balanced, except for centripetal forces while turn- 
ing. The parameters corresponding to the lift and drag curves and the (fixed) angle 
of attack are set such that the airspeed is V=8 ms‘ and the sink rate is 0.9 ms7! 
at zero bank angle, which match those measured for our glider in the field. Control 
over bank angle is similar to those imposed in the experiments: that is, the bank 
angle switches linearly between the angles 0°, +15°, +30° in a time interval t,, 
corresponding to the time step between actions. The glider’s trajectory and 
wind velocity readings are updated every 0.1 s. The vertical wind acceleration is 
derived assuming that the glider directly reads the local vertical wind velocity. The 
gradients in vertical wind velocity across the wings are estimated as the difference 


between the vertical wind velocities at the two ends of the wings. The readings 
are smoothed with exponential smoothing kernels; the smoothing parameters 
in experiments are chosen to coincide with those that yield the greatest height 
gain in simulations. 

Estimation of noise in gradient sensing due to atmospheric turbulence. The 
cues a, and w measure the gradients in the vertical wind velocity along and per- 
pendicular to the heading of the glider. Updrafts and downdrafts are relatively 
stable structures in a varying turbulent environment. Thermal detection through 
gradient sensing constitutes a discrimination problem of deciding whether a 
thermal is present or absent given the current a, and w. We estimate the magnitude 
of turbulent ‘noise’ that unavoidably accompanies gradient sensing. Intuitively, 
turbulent fluctuations in the atmospheric boundary layer (ABL) are made up of 
eddies of different length scales, with the largest being the size of the height of the 
ABL. Energy is transferred from larger, stronger eddies to smaller, weaker eddies, 
and eventually dissipates at the centimetre scale owing to viscosity in the bulk 
and owing to the boundary at the Earth's surface. In Supplementary Information, 
we present an explicit calculation of the signal-to-noise ratio for w estimation, 
taking into account the effect of turbulent eddies on the statistics of noise. Below, 
we give simple scaling arguments and refer to Supplementary Information for 
further details. 

A glider moving at an airspeed V and integrating over a timescale T averages a, 
over a length VT. For V much larger than the velocity scale of the eddies, which is 
typically the case, the decorrelation of wind velocities is due to the glider’s motion; 
the eddies themselves can be considered to be frozen in time. The magnitude of the 
spatial fluctuations across the eddy of this size scales according to the Richardson- 
Kolmogorov law” as (VT)'°. The mean gradient signal when going up the gradient 
scales as (VT); the resultant signal-to-noise ratio in a, scales as (Vi. 

Similar arguments are applicable for w measurements. In this case, the signal-to- 
noise ratio has an additional dependence on the wingspan /. The dominant 
contribution to the noise comes from eddies of size , whose strength scales as 1”. 
As the glider moves a distance VT, for !<« VT, it traverses VT/I distinct eddies of 
size 1. Consequently, the noise is averaged out by a factor (VT/I)~"””, corresponding 
to the VT/l independent measurements. Multiplying these two factors, the averaged 
noise is proportional to °°(VT)~ "7. As the mean gradient (that is, the signal) is 
approximately /, the signal-to-noise ratio is then proportional to ['/°(VT)”. 

From the above arguments and dimensional considerations, we get 
order-of-magnitude estimates of the signal-to-noise ratio (SNR) for a, and w 
estimation: 


wy2/3p2/371/3 
xX == 





SNR, (12) 
° wR 
1/21 /271/671/3 
SNR, x a a Sl Se (13) 
wR 


where W is the strength of the thermal, R is its radius, w is the magnitude of turbu- 
lent vertical wind velocity fluctuations and L is the length scale of the ABL. For the 
signal-to-noise ratio estimates presented in the text, we use W=2ms_', R=50m, 
1=2m, V=8ms_', T=3s, L=1 km. The values of Vand T correspond to the 
airspeed of the glider in experiments and the timescale between actions during 
learning respectively. 


Data availability 
The data that support the findings of this study are available from the correspond- 
ing author upon reasonable request. 


29. Frisch, U. Turbulence: The Legacy of A. N. Kolmogorov (Cambridge Univ. Press, 
Cambridge, 1995). 
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Extended Data Fig. 1 | Sample trajectories obtained in the field. The trajectories are coloured according to the instantaneous vertical 


The three-dimensional view and top view are shown of the glider’s ground velocity uz. The green (red) dot shows the start (end) point of the 


trajectory as it executes the learned strategy for thermals (labelled ‘s’) or trajectory. Trajectories sl, s2 and rl last for 3 min each, whereas s3 lasts for 
a random policy that takes actions with equal probability (labelled ‘r’). about 8 min. 
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Extended Data Fig. 2 | Force-body diagram of a glider. The forces on a 
glider and the definitions of the various angles that determine the glider’s 


motion. 
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Extended Data Fig. 3 | Modelling the longitudinal motion of the glider. particular action is taken (labelled above each panel), averaged over n 3-s 
a, Sample trajectory of a glider’s pitch and its vertical velocity with respect intervals. The 13 panels correspond to the 13 possible bank angle changes 


to ground (u,) in a case in which the feedback control over the pitch is from the angles 0°, +15° and 30° by increasing, decreasing the bank 
reduced in order to exaggerate the pitch oscillations. The blue line shows angle by 15° or keeping the same angle. The green dashed line shows the 
the measured u,, and the orange line is u, obtained after subtracting the prediction from the model whereas the orange line is the estimated w,. The 


contributions from longitudinal motions of the glider (see Supplementary —_ axis on the right shows the averaged pitch (red dashed line). 
Information). b, The blue line shows the average change in u, when a 
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Extended Data Fig. 4 | The estimated vertical wind acceleration with (blue line) and without (orange line) accounting for the glider’s 
is unbiased after accounting for the glider’s longitudinal motion. longitudinal motions. The axis on the right shows the airspeed (green 
a, The averaged vertical wind acceleration a, in units of its standard dashed line). b, Probability density functions (PDFs) of a, for the different 
deviation. a,, plotted as in Extended Data Fig. 3b, is shown in orange bank angle changes. The black dashed line shows the median. 
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Extended Data Fig. 5 | The estimated roll-wise torque is unbiased after 
accounting for the effects of feedback control and glider aerodynamics. 
a, The averaged evolution of the bank angle shown as in Extended Data 
Fig. 3b. The blue line shows the measured bank angle and the dashed 
orange line shows the best-fit line obtained from simultaneously fitting the 
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13 blue curves to the prediction (see Supplementary Information). 

b, PDFs of the roll-wise torque w (in units of its standard deviation) 
for the different bank angle changes. The black dashed line shows the 
median value. 
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Extended Data Fig. 6 | The distribution of the strength of vertical 
currents observed in the field. The root-mean-square vertical wind 
velocity measured in the field is pooled from about 240 3-min trials 
collected over 9 days. The dashed red line shows the threshold criterion 
imposed when measuring the performance of the strategy in the field 
(see Methods). 


© 2018 Springer Nature Limited. All rights reserved. 


Extended Data Table 1 | Parameter values 


Label 


Pa 


Ao - Qj 


Description 


Wingspan of glider used in experiments 


Desired pitch 


Feedback control time scale 


Interval between actions (learning) 


Interval between actions (soaring) 


Net angle of attack (see eq. 6) 


Airspeed (typical) 


Dihedral effect timescale (typical) 


Overbanking effect timescale (typical) 


Trim bias (typical) 


Opposing roll timescale (typical) 


Thresholds for a, and w state estimation 


Exponential smoothing timescales for a, 


Exponential smoothing timescales for w 


Discount factor for RL implementation 
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Value 


2m 


9° 


0.45s 


3S 


1.5s 


14° 


6 to 8 m/s 


14 to 30s 


< -20s 


-2 to +2°/s 


1.5to3s 


0.8 x std. dev 


8i,/3, 2t,/3 


t,, t,/4 


0.8 
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Abstract 


The flight of albatross (Diomedea exulans) takes advantage of the up-drift which is determined by 
the product of relative wind velocity and it’s gradient above the sea surface, to power its elegant 
(dynamic) flight over the ocean. Some of the complicated flight manoeuvres are determined by 
biological necessities. From its most basic flight manoeuvre a technical aerodynamically scheme 
can be derived which allows the design of a mechanical technical prototype of a wind generator. It 
is based on a rotational movement in combination with a skillful time dependent adjustment of 
the airfoil. Several technical possibilities are discussed and with one of these elaborated in some 
detail. The technology to be developed could be applied in highly asymmetric air streaming envi- 
ronment around high rise buildings, on mountain ridges and of course, also low above sea level 
and plains. Mathematical-technical conditions for power gain are discussed. The technology could, 
in principle, also be deployed to exploit velocity gradients in river water environment. The engi- 
neering challenges are significant and the presented work is just a blueprint for tasks to be ac- 
complished. 


Keywords 


Bionic, Biomimetic, Gradient Streaming, Wind (Water) Generating Power System (WGPS), 
Albatross-Type Technology, Kinetic Energy, Potential Energy 


1. Introduction 


Our present wind and water turbines are technically conceived to respond to a quite homogeneous streaming 
pattern. If the flow of air or water would be inhomogeneous, the resulting forces on airfoils or turbines would be 
inhomogeneous, resulting in non-ideal technical performance. In natural environments, however, inhomogene- 
ous streaming patterns are quite common. But our present aero- and hydro-mechanic technology has not yet de- 
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veloped strategies to exploit them efficiently. That this should be possible is convincingly demonstrated by a 
natural example: the seemingly effort-less flight of the albatross over the sea, where air up-drifts are essentially 
lacking. The flight manoeuvres of the albatross (Figure 1) have for a long time stimulated imagination of scien- 
tists and engineers. 

How is it possible to fly seemingly effortless without flapping wings over a sea surface which does not pro- 
vide wind up-drifts [1 |-[3]. It has been known for a long time that the albatross is taking advantage of mecha- 
nisms which also give rise to the Magnus effect, the same phenomenon which is giving a spinning tennis ball a 
characteristic deviation in its flight path [4]. The physics behind the albatross’ flight has well been analysed [5] 
and explains the power source for the up-drift force as the product between relative wind velocity V and the 
wind velocity gradient u' above the sea surface (vertical component z) according to the relation Figure 2: 


dV du dz 
—=——=u'Vsin 1 
dt dz dt ) ) 


By entering the wind gradient the effect of a marked increase in airspeed appears which implies an increase in 
kinetic energy. The acceleration (dV/dt) results as product of the wind speed profile du/dz and the vertical air- 
speed component Vsin(y) which is the amount of increasing airspeed due to the finite wind step velocity, also 
known as climb rate (dz/df). 

When the albatross heads for an inclined path into the wind profile then he is able to accelerate in this direc- 
tion (acceleration = a). Such forward force depends, of course, on the albatross mass m (which can reach 10 kg) 
times the airspeed V derived with respect to the time. The forward impulse is correlated with the airspeed V 
(relative wind velocity registered by the flying bird), 





Figure 1. The Southern Royal Albatross (Diomedea epomophora) 
developed a highly specialized flight behaviour. He spends 95% of 
his life at sea. While circumnavigating the Antarctic continent on his 
wings, which exceed 3 m in width and are rarely used for flapping, he 
may travel 300 - 800 kilometres a day in an environment without air 
up-drifts (photos: H. Tributsch). 
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Figure 2. The wind velocity gradient above sea level is shown (left) 
together with vectorial diagrams describing the flight behaviour of the 
albatross (center and right). The up-drift correlates with the wind 


profile (adapted from |6}). 
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F=ma=m— 2 

a (2) 

The pitching angle (y) and the heading angle (yw) depicted in Figure 2 determine the inclination of the alba- 
tross flight upwind and affect the magnitude and direction of the forward up-drift impulse, 


F =mu'Vsin(y)cos(7) cos(y) (3) 


Understanding now the physical basis of the force which the albatross is exploiting we have to turn to the 
complicated task of constructing a wind machine, able to extract energy from inhomogeneous air streams. 


2. Technical Challenges and the Results 


A biomimetic strategy aims at extracting technical information from biological systems to achieve as simple as 
possible a model of relevant properties. A biological system tends to solve different problems simultaneously [7]. 
Technology, in contrast, aims at well specialized technical solution. The most straight-forward strategy with re- 
spect to an understanding of the basic requirements for energy gain based on the albatross flight technology 
would be to look first at the most simple flight pattern used by the albatross Figure 3. 

When the albatross, after taking advantage of the special up-drift force which is activated, reaches the highest 
point of the periodical flight patterns, he can fly down into any direction while converting potential energy into 
kinetic energy and while harvesting additional energy from the wind gradient. 

However, while conserving a reasonably flight velocity with respect to the wind, he has then to turn against 
the direction of the wind gradient. This way he maximizes the product of relative wind velocity and wind veloc- 
ity gradient according to Equation (1). Now the up-drift force becomes active again and the albatross convert his 
kinetic energy into potential energy by gaining approximately 15 - 20 meters height. From here the albatross can 
again reorient the flight direction while taking advantage from the gain in potential energy and from the 
down-wind conditions. 

With respect to the most simple flight manoeuvre-prototype for technology the following approach would ap- 
pear to be the most promising 1) the simplest albatross flight pattern should be taken as a first model 2) a rota- 
tional movement should be achieved instead of a translational one 3) the power gain should be extracted 





Figure 3. Albatross flight manoeuvres of dynamic soaring into any overall direction. (a) 
cross-wind snake manoeuvre (b) upwind snake manoeuvre (c) circumnavigation 
manoeuvre (d) snaking hover manoeuvre. The flight patterns are indicated, besides of 
the wind gradients, with which the albatross is interacting. 
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periodically in the wind gradient during the rotating movement. Both, the gained potential energy and the ex- 
tracted energy from the downwind may contribute. In terms of biomimetics engineering this corresponds to the 
simplest abstraction of the biological engineering example. However, more details have to be learned about the 
albatross and his flight. 


2.1. How Did Evolution Approach the Technical Problems of Albatross Flight? 


It is well known that in ordinary flight technology via airfoil the velocity difference of air between the upper 
more curved foil surface and the lower less curved surface is a critical factor in producing (upward) lift [8]. The 
difference in air pressure generated is giving rise to the responsible force. Above a sea surface an air velocity 
gradient is already present and this is what the albatross is exploiting. Consequently, a much less curved wing 
profile compared to those of other large birds [9] should be expected for the albatross. This is actually observed 
as Figure 4 shows for a member of the albatross family. 

With such an only moderately bent wing profile the albatross extracts energy from the streaming air by en- 
gaging in its characteristic flight pattern. Additional to the four flight patterns (Figure 3) which were illustrated 
before, the simplest one is shown in Figure 5. 

As Figure 5 visualizes the albatross starts by entering the air velocity gradient with a sufficiently high relative 
wind velocity close to the ocean surface (A). He enters the air velocity gradient with a velocity of maybe 25 m/s 
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Figure 4. Wing profile characteristics of different birds (adapted from [8}). 
The albatross travels with the least curved wing profile. It explains its clum- 
siness during take-off and during flapping flight, but is a key to dynamic soar- 
ing. 
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Figure 5. Scheme of most basic circular dynamic soaring trajectory of the albatross. Shown are different projections of the 
flight manoeuvres (top right: seen from above; top bottom: seen parallel to the sea surface). 
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and rises to a height of approximately 20 meters while reducing its speed (B-C). With the potential energy 
gained the albatross flies a loop downwards (D-E) and again turns into the wind gradient near to the wave crests 
to repeat the cycle. By converting potential energy and gaining additional energy from the downwind he in- 
creases again the kinetic energy for entering the wind velocity gradient (E). During the albatross flight the final 
position (E) is separated from the starting point (A) by a certain distance since the albatross migrates in the 
search of food. 

As explained in Figure 6, a technical realization on this manoeuvre could function more or less identical, 
representing however a circular albatross manoeuvre without the need for local displacement. The consequence 
would be a circular manoeuvre during which periodically gained potential energy as well as downwind energy is 
changed into kinetic energy. The kinetic energy is needed for generating the up-drift and in a technical system 
would be the source of energy gain out of the velocity gradient. Figure 6 also explains, how in a rotational wind 
energy harvesting system foil- and wind velocities add in different positions within the wind velocity gradient. 
The depicted manoeuvre appears to be the manoeuvre closest to the albatross example. But technically it is not 
the only possible one and the engineering options should therefore be further analysed. 


2.2. Technical Realization of the Albatross Flight Model 


As in part outlined in a master thesis [10] in some detail basically three different strategies are imaginable for a 
technical approach 1) a linear system 2) a rotational system and 3) an intermediate system with respect to the 
path of the airfoil. In all these cases energy gain from the wind gradient appears to be possible but the boundary 
conditions are somewhat different, as depicted in Figure 7. 

During the flight of the albatross the up-drift 1s proportional to the relative wind velocity V. This relative wind 
velocity adds the velocity of the air (wind) and the velocity of the albatross when flying into the wind gradient. 
In a technical system the albatross will be replaced by an artificial airfoil. This airfoil develops different velocity 
in different technical set ups. 

A foil which is periodically moving up and down (case a) in the wind velocity gradient contributes zero ve- 
locity to the relative wind velocity V (= Vying + Vioi). For a technical system where a foil is rotating into the wind 
the foil velocity is periodically changing in dependence of the position within the wind gradient. In case b the 
relative wind velocity will be the sum of the wind velocity plus a varying foil velocity. In case c two linear 
movements are superposed to yield a more complex foil trajectory with a corresponding more complex foil 
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Figure 6. Characterization of relative wind velocity u (or Vying) and the wind velocity gradient w' (du/dz) for understanding 
them with respect to a rotationally operating wind machine. The wind velocity uv within the wind velocity gradient is equally 
termed V,,;nq 1n order to relate it to Vio; for explaining the relative wind velocity V,<). 
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Figure 7. Three different strategies for a technical approach to albatross-type flight (a) linear (b) rotational (c) intermediate 
combined system. 


velocity which has to be added to the wind velocity within the velocity gradient. 

It should be pointed out that the flight velocity of the albatross into the wind gradient changes as well in in- 
dependence of the height above the sea surface. The albatross will fly with high velocity into the wind gradient 
close to the sea surface and then be pushed up while losing airspeed since kinetic energy is being converted into 
potential energy. High above the sea level where the full wind velocity is reached the albatross is even pushed 
forward by the wind before he is flying down towards the sea level while converting the potential energy of 
height into kinetic energy. 

1) Linear wind gradient power system (WGPS) 

In a linear WGPS Figure 7(a) an airfoil modeled according to the wing profile of the albatross is moving up 
and down changing its position within the air velocity gradient. It has been mentioned (Figure 4) that the alba- 
tross has an only weakly asymmetric wing profile compared to other large birds. But some asymmetry is still 
present with a consequence that an up-drift as known from airfoil technology and described by the lift coeffi- 
cient c; is present [11]. But there are two differences—one is that the wind velocity gradient adds velocity in 
such a way that the velocity of the upper foil surface will be increased compared to the lower surface. This will 
add to the up-drift force by in principle increasing the c, value. Also normal aerodynamic up-drift (based on the 
characteristic wing profile of the albatross (Figure 4)) will occur. 

The second difference will be that the airfoil when exposed to the maximum air velocity, within the gradient, 
will have been manipulated so that the potential energy can be harvested. This means that while changing its in- 
clination (pitching angle y) the air foil has to be returned to a lower position while providing energy which 
should be extractable in the form of electricity. 

A simple mechanism which is accomplishing this task is shown in Figure 8. The airfoil has to achieve this 
function by changing its orientation with respect of the streaming direction of air. This can be achieved with e.g. 
an electro-mechanical control unit and the consequence would be that the airfoil would move up and down (by a 
short circular reversal path at the bottom and the top). This periodic linear movement is able to provide energy 
which e.g. can be transformed into rotational movement or directly converted into electricity via a linear elec- 
tro-magnetic generator. 

2) Rotational wind gradient power system (WGPS) 

The rotational functional WGPS may be operated via a model structure as depicted in Figure 9. Two or more 
airfoils are mounted on a cantilever type arm which can be rotated. The power generated via rotating movements 
of the airfoils can be extracted either mechanically via a gear or electro-magnetically via an appropriate rotating 
induction generator. It is important to note that during rotation of the airfoils in the wind gradient the inclination 
of the wing profile has to be modified. Such a periodic adjustment of the wing inclination appears to be a major 
engineering challenge but several technologies are available. Also a more complicated change of the wing 
structure and profile (as observed in wing or fin structures of living animals) should be considered as aerody- 
namic strategy towards WGPS. 

The adjustment of airfoils (rotor blades) during flight is a well-established necessity for helicopter flight 
technology. This is achieved via a wobbling disc technology which has reached a high level of engineering 
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Figure 8. Linear WGP-System, schematic representation. Shown are the mechanical-electronic ele- 
ments (left) and the positioning of the air-foils (right). 
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Figure 9. Rotational WGP-System, schematic representation. The mechanical set up is shown to the 
left, the air foil position to the right. 


perfection. In principle such a technology could be adapted for WGP-Systems. But simpler alternatives maybe 
tested before in more basic models systems. Such alternatives have been considered and are explained in a 
sketch depicted in Figure 10. The rotating WGP-System operates via an energy yielding axis which can be used 
at the same time for steering the wing inclination in the desired wing positions during rotation. The rotating axis 
drives a bevel gear unit which powers a steering system. The steering system consists of two segmented 
rack-wheels which, while interacting periodically, turn the air foil into the desired position. 

3) Other two-dimensional movements of WGPS 

Among several other possibilities a two dimensional movement of the energy harvesting WGPS has been 
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considered. It activates linear up and down movements in combination with a horizontal movement of the basis 
of the structure. As seen from picture Figure 7(c), a trajectory of the wing in a number eight-form is resulting. 
In this case c horizontal movement is basically adjusting the airfoil. Both, the most simple structure of such a set 
up as well as mechanical forces acting upon the wings in their extreme positions are visualized in Figure 11. 

More complicated two dimensional patterns of air foil trajectories are imaginable, considering that the alba- 
tross did evolve much more sophisticated flight patterns compared to that studied in this publication (compared 
to Figure 3). 

WGP-Systems based on periodical change of air foil structure are also imaginable. In order to achieve a con- 
version of periodically generated potential and kinetic energy a well-tailored periodical change of form and pro- 
file of the air-foil could also be an attractive alternative. In principle a change of the wing profile could be 


Detail Detail 
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Figure 10. Example for steering system for wing inclination in a rotationally working albatross-type 
wind machine. 
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Figure 11. Combinatorial movement WGP-System, schematic representation. The wind velocity 
gradient (left) as well as the mechanical set up for down and up-drift movements (right) are pre- 
sented. 


G. Pfeifhofer, H. Tributsch 


induced via wireless triggered signals which periodically activate a mechanical mechanism reshaping the foil 
profile or the airfoil can be forced to change shape due to bending while rotating. A simple alternative has been 
studied according to Figure 12. 


2.3. Preliminary Experimental Tests 


It turned out to be a mayor challenge to generate a well-defined wind velocity gradient for testing of simple 
models of airfoils based on the albatross technology. To generate an adequate gradient-like air stream [12] [13] 
it had to be manipulated in a wind tunnel to change its profile from a homogeneous to an inhomogeneous (ex- 
ponential-like or gradient-like) one. This can be accomplished by an entrance region Figure 13 with a well-de- 
fined roughness of installed surface structure, combined with vortex generators to shorten the distance to the re- 
gion where the airstream is able to develop into a gradient form. 

Further studies of the wind tunnel are necessary to get a higher quality of the gradient-shaped streaming be- 
haviour. But first tests have shown that the rotating version of the albatross-type airfoil is indeed able to rotate. 
This is a first step towards a more profound investigation of albatross-type aerodynamic technology. Different 
airfoil models will have to be tested and energy recovery explored. Gradually more experience will be gained. A 
look at the development history of classical wind machines suggests that it will take some time until a reasona- 
bly high technological standard will be reached. 


3. Theory and Discussion (Conclusion) 


Our analysis up to now evidences that the albatross flight technology is based on quite complex physical-engi- 
neering boundary conditions. However the flight of albatross already looks back at 40 millions of years of evo- 
lution and the technology in biology has demonstrated a high standard. The albatross can fly for days without 
flapping wings. 

In order to understand the physical principle and in order to understand the engineering challenges mathe- 
matical formulas expressing the main parameters need to be developed. In a very inspiring publication J. P. 
Barnes [5] has attempted to derive the essential underlying flight physics of the albatross. During this attempt 
the interchange of kinetic and potential energy has been considered together with the up-drift generating wind 
velocity gradient and the relevance of drag. An Equation (4) has been derived which describes the time deriva- 
tive of the energy divided by the gravitational acceleration (unit mass) of the flying system (albatross): 
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Figure 12. Modified rotational WGP-System with changeable airfoil shape, schematic representa- 


tion. 
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Figure 13. Set up for the investigation of the behaviour of a rotational albatross-typ airfoil 
model within a wind gradient airstream. (a) wind tunnel: radial fan with near 1600 m°/h (b) 
model with expanded polystyrene airfoils (c) entrance region (left) with model (right): gen- 
eration of gradient-shaped wind profile by graded obstacles and vortex generators. 


- 2 
£-(wX) sin v COSY cos@— Nn, (2 \v (4) 
g g L 


This Equation (4) describes the time derivative of the energy that means the change of energy with time for an 
airfoil with given inclination, pitching angle y, heading angle Y, gradient wu’, relative wind velocity V, lift L and 
drag D. The quantity n, describes the normal load factor (n, = lift/weight). The second term determines the 1m- 
portance of high lift-to-drag ratio under load. For the technical system we describe in our analysis these parame- 
ters will change during technical operation. For the rotating system the parameters will change in dependence of 
the rotational angle (a). In case of linear or combined rotational and linear systems they will also change in de- 
pendence of a displacement coordinate (x). For the most general case Equation (4) can accordingly be changed 
considering the variables a and x 


D(a, x) 


g g L(a,x) 


Ae) (as) LE) nya) onr{as)eoso(trs) =| |v(ea (5) 


For a technical energy generator to work it has to yield a positive energy output during a full technical circle. 
For this to happen an integral of Equation (5) has to be taken for all angles a (O --- 360°) and for all displace- 
ments x (0 +++ Xmax and back to zero). Such integral would have the following form and meaning: 

>0 positive energy output 


max 360 7 
| EMiniae 0 functioning without energy output (6) 
0 O 


<0 not functioning 
If this integral yields zero (=0) the energy of the system would be conserved, no energy output would be 
available. If the integral would be smaller zero (<0) energy would be lost and the system would cease to func- 
tion. What engineering would have to accomplish is an integral which 1s yielding a positive value (>0) that is net 
energy output during one complete circle. 
As seen from Equation (5) several parameters are involved which contribute to energy harvesting (first term 
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Figure 14. Sites for wind- and water velocity gradients which can be considered for albatross-type technology. 


of Equation (4)) or energy loss (second term of Equation (4)). Of course the situation is quite complex and the 
outcome will significantly depend on the nature of the technical model system. 


4. Outlook 


Where can albatross-type aerodynamic technology be applied? There are numerous sites, apart from the first 15 
meters above the ocean water and above plains where wind velocities could be strongly inhomogeneous. Such 
conditions exist or can be created artificially, for example between high rise buildings Figure 14 in modern cit- 
ies. Here, the proposed technology could be implemented to provide energy for skyscrapers. The wind condi- 
tions, while being inhomogeneous, may be quite more stable and above all the wind speed is similar to that at 
wind power plants in such height. This could lead to effective solutions in wind energy systems, where a uni- 
form wind velocity cannot be provided. A further advantage is the already existing or to be constructed high-rise 
building profile, which is generating the wind velocity profile. By using the architectural patterns of high rise 
buildings, a cheaper, more practical and more efficient wind technology may be achieved. Wind power plants 
could be integrated into architectural design. 

Another challenge is energy harvesting via WGPS from wind streaming around mountain ridges Figure 14. 
Where high rise traditional wind turbines are not desired due to the visual impact on the landscape, wind energy 
could be generated via only 10 meter high, barely visible alternative installations based on the albatross principle. 
However, like with all new technical ideas, significant technical development work is still required. 

WGPS could be installed together with off-shore wind power plants to take advantage of the gradients of 
wind velocity at lower heights (0 - 15 m). While the rotor blades of the power plants cover the homogeneous 
wind speed at higher altitude, the wind energy systems based on gradient could recover the wind energy closer 
to the sea level. This combination will reduce the high amount of space required, compared to when such sys- 
tems are set up separately. This way it is possible to integrate such systems into already existing wind power 
parks. 

The aggregation state of a medium needs not automatically be gas (air), it can also be liquid (water) when the 
velocity gradient develops as a consequence of friction from neighboring surfaces. The albatross technology is 
expected to work also when implemented in rivers, Figure 14. The streaming of water in rivers is known to be 
highly inhomogeneous and it is to be expected that hydro technology may be developed, which can largely be 
hidden under water. 

Velocity gradients of air and water are quite common in nature and wind machines, which do not depend on 
homogeneous velocity conditions expected to have a technological future. 
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ABSTRACT 


Albatrosses fly long distances over the Southern Ocean, even around the world, almost without flapping 
their wings; this has raised interest in how they perform such a feat. On a cruise to the South Atlantic I 
observed albatrosses soaring in a characteristic swooping zigzag flight that appears to combine two soar- 
ing techniques to gain energy—wind-shear soaring (dynamic soaring) using the vertical gradient of wind 
velocity and wave-slope soaring using updrafts over waves. The observed characteristic swooping flight is 
shown in a new illustration and interpreted in terms of the two soaring techniques. The energy gain esti- 
mated for “typical conditions” in the Southern Ocean suggests that wind-shear soaring provides around 
80-90% of the total energy required for sustained soaring. A much smaller percentage is provided by 
wind shear in light winds and significant swell when wave-slope soaring dominates. A simple dynamical 
model of wind-shear soaring is proposed based on the concept of a bird flying across a sharp wind-shear 
layer as first described by Lord Rayleigh in 1883 and later developed with Pennycuick’s (2002) descrip- 
tion of albatrosses “gust soaring.” In gust soaring a bird exploits structures in the wind field, such as sep- 
arated boundary layers and eddies in the lee of wave crests, to obtain energy by climbing headed upwind 
and descending headed downwind across a thin wind-shear layer. Benefits of the model are that it is sim- 
ple to understand, it captures the essential dynamics of wind-shear soaring, and it provides reasonable 
estimates of the minimum wind shear required for travel velocity in different directions with respect to 
the wind. Travel velocities, given in a travel velocity polar diagram, can be combined with tacking to fly in 


an upwind direction faster than the wind speed located at the top of the wind-shear layer. 
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1. Introduction 


Albatrosses fly long distances over the Southern Ocean, even 
around the world, almost without flapping their wings (Croxall 
et al., 2005; Safina, 2002, 2007). How they soar for such long times 
has intrigued observers, who have often speculated as to how an 
albatross can extract energy from the wind. Two theories have 
been proposed to explain how the birds fly without flapping their 
wings. The first, which has gained prominence, proposes that an 
albatross uses wind shear, the increase in wind speed with height 
above the ocean surface, to gain energy (wind-shear soaring). The 
second theory proposes that an albatross uses updrafts caused by 
wind blowing over waves to gain energy (wave-slope soaring). 

Wind blowing over waves has both wind shear and vertical mo- 
tions, so the individual effects are not easily separated. Wind inter- 
acting with waves often contains structures such as gusts, lee 
eddies and rolls, which have updrafts and wind shear. Since wind 
generates waves, given sufficient time wind waves coexist with 
wind shear in the open ocean. In the Southern Ocean where most 
albatrosses soar there are strong winds and large waves, including 
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both locally-generated wind waves and swell waves generated 
elsewhere. All mathematical model studies of albatross flight in 
wind shear assume horizontal winds and no waves thus excluding 
the effect of wave-slope soaring and lee eddies which the birds ap- 
pear to use effectively. In addition, most models assume either a 
linear, logarithmic, or exponential vertical profile of average wind, 
which can be very different from the structure of the instantaneous 
wind field as it interacts with waves. Even with these simplifying 
assumptions, the resulting aerodynamical differential equations 
describing the accelerated twisting, turning, swooping flight of 
albatrosses in wind shear are very complex (Lissaman, 2005; Sachs, 
2005), which makes it difficult to understand the details and rele- 
vant dynamics of their flight. 

The approach here is to use the characteristics of an observed 
swoop to estimate the energy gained from each soaring technique 
and to develop a simple dynamical model of wind-shear soaring 
based on Rayleigh’s (1883) concept of a bird soaring across a sharp 
wind-shear layer, on Pennycuick’s (2002) observations and descrip- 
tion of albatrosses “gust soaring” across thin wind-shear layers in 
the lee of waves, and on the aerodynamical equations of motion 
(Lissaman, 2005). The modeled flight pattern is referred to here as 
the Rayleigh cycle because he was first to describe the concept of 
wind-shear soaring. The model provides a relatively easy way to 
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understand the essential dynamics of wind-shear soaring and pro- 
vides predictions of soaring travel velocities, which agree well with 
observations of albatross flight and more complicated simulations 
(Lissaman, 2005; Sachs, 2005). The Rayleigh cycle, which uses two 
homogenous wind layers, is the most efficient way for a bird to gain 
energy from a wind profile and thus indicates the minimum amount 
of wind speed that can support sustained soaring or, more precisely, 
energy-neutral flight. 

When an albatross flies in wind, the bird’s airspeed is different 
from its ground speed. This should be kept in mind because air- 
speed, and not ground speed, is the quantity most relevant to fly- 
ing. Aerodynamic forces on a bird depend on its airspeed not 
ground speed. To understand this, imagine trying to fly horizon- 
tally in a downwind direction with a large ground speed but 
near-zero airspeed (due to wind shear). In this situation if ground 
speed were used to calculate kinetic energy, there would appear to 
be sufficient energy to support flight, but without any airspeed, 
down you would go in a Stall. The use of airspeed and ground speed 
leads to different conclusions about where kinetic energy is gained 
in wind-shear soaring. An increase of airspeed comes from cross- 
ing the wind-shear layer. Most increase of ground speed occurs 
as a bird turns from a direction headed upwind to downwind. This 
difference complicates interpretations of energy conservation in 
soaring and has led to seemingly contradictory conclusions. 

Gravity and drag relentlessly force a gliding albatross downward 
through the air. In balanced flight the bird’s sinking velocity through 
the air represents the bird’s rate of energy loss. In order to continu- 
ously soar, an albatross must extract sufficient energy from the 
atmosphere to balance the loss due to drag. No strong thermals exist 
in the high southern latitudes of the Southern Ocean where most 
albatrosses soar, so they extract energy from the wind using wind- 
shear soaring (also called dynamic soaring) and wave-slope soaring, 
which is somewhat similar to using the updrafts of wind blowing 
over a ridge. Albatrosses probably also exploit energy gained from 
gusts, updrafts and wind shear associated with turbulent winds. 
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2. Observations 


I observed albatrosses soaring during a research cruise to the 
South Atlantic off Cape Town, South Africa in September 1997. It 
was surprising and delightful to see them almost magically soar up- 
wind in wind speeds of 5-10 m/s (10-20 knots). The albatrosses 
flew in a characteristic and distinctive flight pattern consisting of a 
swooping motion where each swoop was tightly coupled to a wave 
crest (Fig. 1). Each swoop began with a fast flight parallel to and just 
above the windward side of a wave. This was followed by a turn into 
the wind and climb of around 10-15 m, followed by a downwind 
descent towards another wave and a turn parallel to the wave. The 
typical time to complete a swoop was around 10s. These observa- 
tions are largely in accord with previous studies (Alerstam et al., 
1993; Idrac, 1925, 1931; Pennycuick, 1982). The close coupling be- 
tween the swoops and waves suggests that wave-induced features 
of the wind field are important for sustained soaring, but these are 
often neglected in models of soaring flight. 

I was not able to find a good schematic showing this pattern of 
albatross soaring, so I have tried to develop one. Fig. 1 shows the 
zigzag swooping flight pattern in relationship to the waves. Each 
swoop is coupled to a wave as observed, although an Albatross 
can cross over intervening waves before pulling up over a wave. 
Wind shear and updrafts and downdrafts are indicated schemati- 
cally in Fig. 1, and under certain conditions the wind field can look 
somewhat like that shown. Often, however, the wind speed at a 
height of 10 m is only slightly faster than the wave phase speed. 
In that case wind vectors viewed in the frame moving with the 
waves reverse direction below a critical layer where the wind 
speed equals the wave speed. Structures such as lee eddies are ig- 
nored in Fig. 1 for simplicity but can be important as mentioned la- 
ter in describing details of albatross soaring. 

The goal of the paper is to interpret the observed flight pattern 
in terms of wind-shear soaring and wave-slope soaring as de- 
scribed below. 
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Fig. 1. Schematic summary of the zigzag swooping flight pattern of an albatross soaring over waves observed during a cruise to the South Atlantic. The swooping motion is 
shown relative to the waves, which are moving downwind. Each climb is upwind and each descent is downwind since the waves are going downwind, although the 
downwind component is difficult to show in the figure and looks almost parallel to the wave crest. The average direction of flight has an upwind component. Schematic waves 
are uniform for simplicity; real ocean waves are much more complicated. Regions of updraft and downdraft due to wind blowing over waves are indicated schematically. The 
wave phase speed was not subtracted from the wind speed in this diagram. Simplified vectors of typical average wind velocity over the ocean surface are indicated in the right 
part of the figure. Most of the vertical gradient of wind velocity (wind shear) is located in a thin boundary layer near the ocean surface. 
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Fig. 2. Vertical (logarithmic) profile of average wind speed over the ocean (after 
Sachs, 2005). An assumed reference velocity of 10 m/s is located at a height of 10 m. 
Note that most (72%) of the increase of wind speed within the lowest 10 m of the 
profile is located in a ~2m thick wind-shear boundary layer near the surface 
(shaded layer). 


3. Wind-shear soaring 


Average wind velocity generally increases with height from 
near zero velocity at the level of the ocean surface. The largest ver- 
tical gradient of wind velocity (largest wind shear) is located in a 
thin boundary layer located within around 2 m of the water surface 
(Fig. 2). Most of the increase of wind speed in an average wind pro- 
file is located in this thin wind-shear boundary layer near the sur- 
face. However, the structure of the wind field near the ocean 
surface is complicated by the presence of waves. Strong wind flow- 
ing over sharp-crested and breaking waves separates from the 
wave crest forming an area of weaker wind or a lee eddy just 
downwind of the wave crest (Fig. 3) as described by Pennycuick 
(2002). Located above this region of weak wind is a thin wind- 
shear region, a wind-shear boundary layer that has separated from 
the upwind wave crest, and above that a layer of stronger wind and 
reduced wind shear. 





3.1. Gust soaring and Rayleigh cycle 


Pennycuick (2002) proposed that albatrosses take advantage of 
the strong wind shear located between these two layers downwind 
of sharp-crested waves in order to gain energy from the wind in 
what he calls ‘gust soaring,” which is a special case of more general 
wind-shear soaring. A wind “gust” usually refers to a temporal var- 
iation of wind speed, but Pennycuick uses the term to mean the ra- 
pid increase of wind speed encountered by a bird as it climbs 
across the thin wind-shear layer located above a lee eddy. Gust 
soaring can be understood by using a two-layer approximation 
first described by Rayleigh (1883) in which a lower layer has zero 
wind speed and an upper layer has a uniform wind speed of 5 m/s 
(for example) (Fig. 4). An albatross flying at a typical airspeed of 
15 m/s in an upwind direction in the lower layer pulls up a short 
distance into the upper layer encountering a “gust” of 5 m/s, which 
increases the bird’s airspeed to 20 m/s and adds a pulse of kinetic 
energy. If the albatross now descends back into the lower layer 
again without changing direction, the bird’s airspeed would de- 
crease back to 15 m/s, and there would be no net gain in kinetic en- 
ergy to balance loss due to drag. 

Albatross flight reveals that the trick of wind-shear soaring is to 
climb headed upwind, to then turn downwind, and to descend 
headed downwind. After rising into the upper layer and increasing 
airspeed to 20 m/s, the bird banks and turns downwind to fly in 
the opposite direction. If we ignore drag, which is small for an alba- 
tross, then just before descending, the bird’s airspeed is 20 m/s ina 
downwind direction and the (tail) wind speed is 5 m/s also in a 
downwind direction. Thus, the bird’s speed over the lower layer 
(ground speed) is 25 m/s, and when the bird descends into the lower 
layer airspeed increases to 25 m/s, adding another pulse of airspeed 
and kinetic energy. In order to continue gaining energy the bird 
could bank and turn toward the wind direction and climb up into 
the upper layer again. It is apparent that the bird could maximize 
the rate of gain of airspeed and kinetic energy by increasing the fre- 
quency of swoops. Several things tend to limit the airspeed of a real 
albatross: increased sinking rate with faster airspeeds and steeply 
banked turns, the physical strength of the bird as the aerodynamic 
force on its wings increases, and smaller wind shear compared to 
the step-like increase used in the example. 

Some radio controlled (RC) glider pilots have recently used 
wind shear caused by strong winds blowing over ridges to fly 
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Fig. 3. Schematic of an albatross “gust soaring” (after Pennycuick, 2002). Starting in a lee eddy (or separation bubble) located downwind of a sharp-crested wave a bird climbs 
up through a thin wind-shear layer (separated boundary layer) that has detached from the wave crest. On crossing the wind-shear layer, the bird’s airspeed abruptly 
increases, and the bird experiences a “gust.” The increase in airspeed can be used to climb up to heights of 10-15 m by trading airspeed (kinetic energy) for height (potential 
energy). A lee eddy is a region of closed streamlines with clockwise circulation in this figure. 
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Fig. 4. Idealized example of the airspeeds of a dragless albatross gust soaring through a thin wind-shear layer, which is assumed to consist of an increase in wind speed from 
zero below the layer to 5 m/s above. It shows how an albatross could gust soar in the region downwind of a wave crest as indicated in Fig. 3. This schematic is based on the 
written description of Rayleigh (1883) who first suggested that a bird could continuously soar in nearly-circular flight on an inclined plane that crosses a thin wind-shear 
layer. Starting in the lower layer with an airspeed 15 m/s a bird climbs upwind a short distance vertically across the wind-shear layer, which increases airspeed to 20 m/s. The 
bird then turns and flies downwind with the same airspeed of 20 m/s. During the turn, ground speed increases to 25 m/s downwind and consists of the bird’s 20 m/s airspeed 
plus (tail) wind speed of 5 m/s. The bird descends downwind a short distance vertically across the wind-shear layer, which increases airspeed to 25 m/s. The bird turns 
upwind flying with an airspeed of 25 m/s. Thus one swoop through the wind-shear layer increases airspeed from 15 m/s to 25 m/s (two times the 5 m/s wind speed increase). 
By descending upwind (dashed line) the bird’s airspeed would have decreased from 20 m/s back to 15 m/s with no net gain in airspeed. 


gliders at surprisingly fast speeds. By repeatedly climbing upwind 
and descending downwind through the separated wind-shear 
layer located downwind of a ridge, RC gliders have achieved 
airspeeds over 150 m/s in gust soaring (http://www.youtube.com/ 
watch?v=ViOhrjqU15]I). The duration of a fast glider swoop is 
around 3s, which implies a lift force of around 30 times gravity 
(30g), much too large for an albatross. These exceedingly fast glider 
speeds clearly demonstrate how effective wind-shear gust soaring 
can be given the right circumstances. A Google search under “‘dy- 
namic soaring” provides many relevant websites that discuss this 
topic. Wind-shear soaring can also be performed with horizontal 
wind shear. 

Since an albatross crosses the shear layer twice during a typical 
10s swoop, the time scale of the 5 m/s velocity increase and the 
corresponding energy pulse due to crossing the shear layer once 
is 5s. This is a much shorter time than the ~40s required for an 
equivalent velocity increase estimated for wave-slope soaring. 

An albatross wind-shear soaring can and often does convert the 
increase in airspeed (kinetic energy) to a gain in height (potential 
energy) similar to the motion of a pendulum. The increase in wind 
speed (5 m/s) across the wind-shear layer used in the above exam- 
ple could provide around 9 m of altitude gain (assuming no drag). 
The bird could then trade height for airspeed on descending back 
down to the ocean surface. 

Temporal wind gusts, in contrast to the structure gusts encoun- 
tered in gust soaring, can be used to gain additional energy. A fas- 
ter-than-average wind-speed gust contains greater-than-average 
wind shear, through which a bird could swoop extracting a great- 
er-than-average amount of energy. The trick of temporal-gust soar- 
ing is to Maximize time in gusts and minimize time in lulls. An 
albatross undoubtedly knows how to identify gusts—rougher 
water surface, blowing spray—to use for additional energy gain. 


3.2. Minimum wind shear required for sustained soaring 


The Rayleigh cycle of wind-shear soaring as shown in Fig. 4 was 
used to model an albatross gust soaring in nearly-circular flight 
along a plane tilted slightly upward into the wind. The essential 
assumptions are that (1) the plane crosses the wind-shear layer 


at a small angle with respect to the horizon so that vertical motions 
can be ignored, (2) the mean airspeed and mean glide ratio can be 
used to represent flight in the circle, and most importantly, (3) con- 
servation of energy in each layer requires a balance between the 
sudden increase of airspeed (kinetic energy) due to crossing the 
shear layer and the gradual loss of airspeed due to drag over half 
a loop, resulting in energy-neutral flight. The motion during each 
half loop is somewhat similar to a landing flare when a glider 
maintains constant altitude and airspeed is slowly dissipated by 
drag. 

Conservation of energy indicates that the vertical increase of 
wind speed (AW) across the wind-shear layer required for en- 
ergy-neutral wind-shear soaring is given by AW =gt/2(V/V,), 
where g is gravity, tf is the period (10 s) of the nearly-circular flight, 
and V/V, is the ratio of the bird’s airspeed (V) to sinking speed 
through the air (V,) (see Appendix A for details). The glide ratio, 
V/V., very closely equals lift/drag for values >+1 typical of albatross 
flight. Relevant values of airspeed (V), sinking speed (V,), and glide 
ratio in the modeled Rayleigh cycle were calculated using the aero- 
dynamical equations of motion (Lissaman, 2005, 2007; Torenbeek 
and Wittenberg, 2009) and the maximum glide ratio V/V, = 21.2, 
and associated cruise airspeed, V. = 16.0 m/s, of a wandering alba- 
tross (Diomedea exulans) in straight flight (Pennycuick, 2008) (Ta- 
bles 1 and 2, Appendix A). The minimum AW for the Rayleigh 
cycle was found to be 3.55 m/s with an associated average airspeed 
V=16.0 m/s, average glide ratio V/V, = 13.8, and average bank an- 
gle of 45.7° in the circle. 

The 16.0 m/s average airspeed in the circle and the AW= 
3.55 m/s increase of airspeed encountered by a bird crossing the 
wind-shear layer indicate that the bird’s airspeeds before and 
after crossing the wind-shear layer are V; = 14.22 m/s and V2 = 
17.78 m/s. These values are greater than the airspeed of minimum 
sinking speed in the circle (14.12 m/s), and they fall within the 
range of the nearly constant values of V/V, (13.6-13.9) and AW 
(3.5-3.6 m/s) in Table 1, which justifies the use of averages of 
airspeed, glide ratio (V/V,), and AW in modeling the nearly-circular 
flight. 

The minimum wind shear AW calculated above is based on the 
10s observed swoop period. However, minimum AW is a function 
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Table 1 
Characteristics of circular flight and the minimum wind speed increase (AW) across the wind-shear layer required for energy-neutral soaring in a 
Rayleigh cycle (t= 10s). 


Airspeed in Bank angle ~ Sinking speed Glide ratio Wind speed increase Comments 

circle, V (m/s) V, (m/s) in circle (V/V,) AW (m/s) 

14.1 42.1 1.04 13.7 3.6 Minimum sink rate 
15.0 43.8 1.08 13.8 3.5 

16.0 45.7 1.15 13.9 a Maximum glide ratio 
17.0 47.4 1.23 13.8 a8 

18.0 49.1 1.32 13.6 3.6 

19.0 50.6 1.42 13.4 a 

20.0 52.0 1.53 13.0 3.8 

21.0 53.4 1.66 12.6 3.9 

22.0 54.6 1.80 12,2 4.0 

23.0 55.8 1.95 11.8 4.2 

24.0 57.0 2,12 11.3 4.3 

25.0 58.0 2.30 10.9 4.5 

26.0 59.0 2.50 10.4 4.7 

27.0 60.0 271 10.0 4.9 

28.0 60.9 2.93 9.6 5.1 

29.0 61.7 3.17 9.1 5.4 

30.0 62.5 3.43 8.7 5.6 


Values for circular flight were calculated using a quadratic drag law, the maximum glide ratio (21.2) and associated cruise airspeed (V, = 16.0 m/s) 
of straight flight for a wandering albatross (Pennycuick, 2008) (see Appendix A). Minimum sink rate was calculated with V = 0.760V,/,/cos@. 


Table 2 
Characteristics of a wandering albatross (Diomedea exulans), the ultimate soaring bird. 


Mass: 10 kg 

Maximum wing span: 3.5 m (largest of all birds) 

Wing aspect ratio: 15 

Straight flight characteristics (Pennycuick, 2008): 

Maximum glide ratio: 21.2 at cruise airspeed of 16.0 m/s and sink rate of 0.755 m/s 

Minimum sink rate: 0.624 m/s at airspeed 11.5 m/s and glide ratio 18.4 

Range: ~10 million km. This range is based on a bird flying 2/3 of the time at an average travel velocity of 10 m/s for 50 years and is equivalent to approximately 400 
circumnavigations in the latitude band of the Southern Ocean 

Life span: ~50 years 

Food: Squid, fish, krill 

Nesting sites: Islands in the Southern Ocean 

Distribution at sea: Most albatross species, including wandering albatrosses, forage over the Southern Ocean between latitudes 30-60°S 

Albatross flight: As a result of their long, narrow, high aspect ratio (~12-15) wings, albatrosses have the largest glide ratios (horizontal velocity/vertical velocity) and are 
the greatest soaring birds. A shoulder lock system holds their wings in a horizontal position so that little energy is expended while soaring (Pennycuick, 1982). 
Soaring efficiency enables the heart rate of a soaring albatross to be close to the basal heart rate when resting. Most albatross species lack the muscles to undertake 
sustained flapping flight and thus are dependent on obtaining energy from the wind for sustained soaring. In contrast, most petrels, which are smaller than 
albatrosses, have smaller wing aspect ratios (<10) and tend to flap-glide (Pennycuick, 1982) 

Typical winds and waves in the Southern Ocean: Maximum average wind speeds, located near 50°S, are westerly at ~11 m/s. Maximum average significant wave heights 
near 50°S are ~5 m. Wind speeds and wave heights decrease from this latitude southward towards Antarctica and northward towards 30°S, where values of average 
wind speed are ~6-7 m/s and average significant wave heights are ~2 m. Thus, typical average wind speeds in the Southern Ocean are 6-11 m/s and typical average 
wave heights are 2-5 m (Young, 1999; Hanley et al., 2010). Based on these values, this paper used wind speeds of 5-10 m/s and a wave height of 3 m (period ~ 9- 
10 s) as approximate “typical conditions” in order to crudely estimate the relative energy gains from wind-shear soaring and wave-slope soaring. An updraft of 
approximately 1 m/s is generated by the orbital motion of a 3 m wave (period ~9.5 s) and wind-wave interactions as described in the text 


of loop period. The optimum loop period for absolute minimum 3.3. Discussion of minimum wind shear (AW) 
AW in the Rayleigh cycle was found to be 7.25 s, and this coincides 


with the cruise airspeed of 16.0 m/s and bank angle of 54.7°. The Why is the observed period (10 s) of an albatross swoop greater 
absolute minimum AW is 3.36 m/s (Appendix A, Table 3). than the 7.2 s loop period associated with the absolute minimum 
Table 3 
Minimum increase of wind speed AW required for energy-neutral wind-shear soaring. 
Wind profile Max V/V, V. (m/s) t(s) AW (m/s) Travel velocity (m/s) Flight cycle Reference 
Rayleigh 21.2 16.0 10.0 3.55 10.2 Loop This paper 
Rayleigh 2 16.0 7.25 3.36 10.2 Loop This paper 
Rayleigh 21.2 16.0 7.35 3.36 10.0 Loop Lissaman (pers. com.) 
Rayleigh 21.2 16.0 7.70 3.58 8.8 Circuit Lissaman (pers. com.) 
Exponential 25.0 15.0 - 3.74 ~ Circuit Lissaman (2005) 
Logarithmic 20.0 12.6 6.9 3.8 9.2 Snaking Sachs (2005) 


The Rayleigh wind profile has two layers with zero wind in the lower layer and a wind speed of AW in the upper layer. For the exponential and logarithmic profiles, the listed 
increase of wind speed (AW) is over the range of heights flown, 0-18 m (Lissaman, 2005), 1.5-20 m (Sachs (2005)). Maximum glide ratio (V/V,) and the associated cruise 
airspeed (V,) for straight flight define the glide polar (see Appendix A). Values consistent with a wandering albatross, V/V, = 21.2, V.= 16.0 (Pennycuick, 2008), were used in 
this table where possible. The period of a flight cycle is t, and the observed swoop period is 10s. The absolute minimum AW for a Rayleigh cycle loop occurs at a period of 
7.25 Ss. Travel velocities are perpendicular to the wind velocity and consist of averages over two half loops, assuming that the half loops could be connected in a snaking cycle. 
A “circuit” returns to the starting height, velocity, and ground position. A “loop” returns to the starting height and velocity but not ground position because of leeway. 
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AW in the Rayleigh cycle? An obvious answer is that the 10s ob- 
served swoop period was of birds soaring in wind shears (AW) lar- 
ger than the absolute minimum, and that given sufficiently large 
AW a bird flies with a larger loop period in order to reduce aerody- 
namic wing loading. It is possible that for a given AW greater than 
the absolute minimum a bird increases its swoop period to control 
energy gain in order to maintain an average airspeed of around 
16 m/s. An implication is that an albatross trying to wind-shear 
gust soar near the absolute minimum wind shear (3.4 m/s) needed 


for energy-neutral soaring must reduce the period of swoops from 
10s toward 7.2 s in order to continue soaring. 

The minimum amount of wind shear (AW = 3.4-3.5 m/s) across 
the wind-shear layer found above is small enough to suggest that 
the associated total wind speed might not be fast enough to gener- 
ate large waves with sharp crests required for gust soaring and that 
therefore gust soaring might not be an appropriate model for such 
low wind-shear values. However, in the presence of decreasing 
winds, which had generated large waves, or in the presence of 
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Fig. 5. Plan view, showing examples of snaking (zigzag) flight at an angle of 60° to the right of the wind similar to the flight shown in Fig. 1. (A) Rayleigh snaking cycle created 
by linking together semi-circular pieces of the circular Rayleigh cycle to simulate the observed albatross zigzag flight pattern (Fig. 1) and average travel velocity. (B) Semi- 
circular snaking cycle modified to cross the wind-shear layer parallel to the wind direction for maximum energy gain. (C) Snaking cycle modified so that the upwind climb is 
parallel to the wind and the descent is obliquely downwind and parallel to wave crests; this pattern closely resembles my observations of albatross soaring and those of Idrac 
(1925, 1931). (D) Snaking cycle further smoothed so that the climb is obliquely upwind and the descent is mainly across-wind (observed by Idrac, 1925, 1931). Flight patterns 


in panels C and D could be used to reduce energy gain in large wind shear (AW). 
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Table 4 
Travel velocity and the increase of wind speed (AW) across the wind-shear layer required for Rayleigh snaking flight in different directions (0) relative to the wind direction. 


Across-wind 
velocity 


Increase of wind 
speed AW (m/s) 


Travel direction 
through the air 


Upwind velocity Travel velocity over the ocean (course made good) 


alsaue ta wind o Leeway AW/2 = (10.2)cos(@) Sum of (10.2)sin(0) Speed (m/s) Direction . 
(m/s) (m/s) components (m/s) aS relative to wind 

0 10.6 —5.3 10.2 4.9 0.0 4.9 0 
10 8.5 —4,2 10.0 5.8 1.8 6.1 17 
20 6.8 —3.4 9.6 6.2 is Fe) 7A 30 
30 57 —2.8 8.8 6.0 5.1 7.9 40 
40 4.9 —2.4 7.8 5.4 6.6 8.5 51 
50 4.3 —2.2 6.6 4.4 7.8 9.0 61 
60 4.0 —2.0 5.1 3.1 8.8 9.4 71 
70 af —1.9 3.5 1.6 9.6 9.7 80 
80 3.6 —1.8 1.8 0.0 10.0 10.0 90 
90 3.5 —1.8 0.0 —1.8 10.2 10.3 100 
100 3.6 —1.8 —1.8 —3.6 10.0 10.7 110 
110 a7 —1.9 —3.5 —5.4 9.6 11.0 119 
120 4.0 —2.0 —5.1 —7.1 8.8 11.3 129 
130 4.3 —2.2 —6.6 —8.7 7.8 11.7 138 
140 4.9 —2.4 —7.8 —10.2 6.6 i, 2 147 
150 5.7 —2.8 —8.8 —11.7 5.1 12.7 156 
160 6.8 —3.4 —9.6 —13.0 3.5 13.5 166 
170 8.5 —4,2 —10.0 —14.3 1.8 14.4 173 
180 10.6 —53 —10.2 —15.5 0.0 15.5 180 


Note: Mean airspeed in snaking flight is 16.0 m/s, and mean travel velocity through the air is 10.2 m/s. 


large swell propagating into an area from elsewhere, the waves 
might be sufficiently large and sharp enough with the addition of 
local wind waves to generate lee eddies, which can be used for gust 
soaring. In addition, lee eddies not associated with a separated 
boundary layer could be present and useful for gust soaring (more 
on this below). 

The value of absolute minimum AW determined with the sim- 
ple model described above closely agrees with results of a study by 
Lissaman (personal communication, 2010), who integrated the 
aerodynamic equations to determine the minimum increase of 
wind speed for energy-neutral wind-shear soaring in the Rayleigh 
two-layer case (Table 3). He found a minimum AW of 3.36 m/s 
(same as present study) for a loop with the end point located 
downwind of the starting point, similar to the simple model de- 
scribed above. The loop period associated with this minimum 
AW is 7.35. s, and the (constant) bank angle is 54°, very close to 
the values found in the present study. In another case, Lissaman 
(personal communication, 2010) forced the end point of a cycle 
to match the starting point in order to eliminate leeway in a circuit, 
and he found that the minimum AW increased slightly to 3.56 m/s 
and the loop period increased to 7.70 s (Table 3). 

Sachs (2005) modeled an albatross soaring in a logarithmic 
wind profile and estimated the minimum wind velocity required 
for energy-neutral wind-shear soaring to be around 9 m/s at a ref- 
erence height of 10 m. The increase of wind speed (AW) encoun- 
tered by the simulated bird was 3.8 m/s (Table 3) over the actual 
range of heights flown in the model swoop, 1.5-20 m above sea le- 
vel. Most of the wind shear in a logarithmic profile below 20 m 
height is located within 1.5 meters of the ocean surface (Fig. 2) 
and was missed because the simulated bird did not fly closer to 
the surface than this height due to the bird’s long wings. This sug- 
gests that Sachs’ (2005) minimum reference wind speed of 9 m/s 
overestimates the minimum wind speed required for gust soaring, 
which includes the large shear located in the lower part of the 
shear layer. Lissaman (2005) included the lower part of an expo- 
nential wind profile and found a rather similar minimum AW of 
3.7 m/s over the heights flown, 0-18 m (Table 3). This estimate 
using the whole wind profile (0-18 m) appears to be a better mod- 
el of gust soaring since the simulated bird starts and ends at the 
bottom of the shear layer. The implication is that the minimum 
wind velocity at a height of 10 m required for sustained gust soar- 


ing in a smooth wind profile over the ocean is only around 3.4 m/s 
(Lissaman, 2005) not 9 m/s (Sachs, 2005). These results of the min- 
imum AW = 3.7-3.8 m/s, based on smooth wind profiles, imply 
that the simple Rayleigh cycle (AW = 3.4-3.5 m/s) is also a fairly 
good approximation for a bird soaring in the reduced wind-shear 
region located higher above sea level. 

Important missing ingredients in these numerical simulations 
of wind-shear soaring are updrafts, separated boundary layers, 
and lee eddies that real albatrosses appear to exploit. An advantage 
of the gust-soaring technique is that a bird dives down into a lee 
eddy across the strongest part of the wind-shear layer and then 
climbs upward across it again (Figs. 3 and 4), thereby making good 
use of the available wind shear. In Sachs’ (2005) simulation of 
wind-shear soaring, the albatross missed most of the strong wind 
shear located close to the ocean surface. Another advantage of gust 
soaring is that a bird remains below the wind-shear layer for part 
of the loop, thereby minimizing leeway. This could be an advantage 
for a bird trying to soar upwind. 


3.4. Mean travel velocity 


The mean travel velocity of an albatross gust soaring was mod- 
eled by dividing the Rayleigh cycle into semi-circular pieces and 
connecting a series of them together in a snaking flight pattern 
to simulate the observed zigzag flight. For example, a clockwise 
semi-circle located above the shear layer was connected to a coun- 
ter-clockwise semi-circle located below the shear layer to simulate 
flight in a direction 60° to the right of the wind as illustrated in 
Fig. 5A. A bird was assumed to quickly switch banking directions 
during the climbs and descents. The 16.0 m/s mean airspeed in 
the series of connected semi-circles results in a mean travel veloc- 
ity through the air of 2V/z = 10.2 m/s. During the half loop located 
in the upper layer, a bird is carried downwind by the wind at a 
speed of AW so that the end point of a loop is displaced downwind 
of the starting point. This results in an average leeway over a loop 
equal to half of the wind speed in the two layers (AW/2), which 
equals 1.8 m/s for flight perpendicular to the wind. 

Travel velocity was calculated for mean flight directions ori- 
ented at various angles with respect to the wind direction (Table 
4). It was assumed that the average airspeed of 16.0 m/s and the 
maximum glide ratio in the flight remain constant, and that as 
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the mean flight direction through the air varies from being perpen- 
dicular to the wind, which is the most efficient course for gaining 
energy, an increase of wind shear AW is required to sustain soar- 
ing. The increase is needed because the bird would cross the 
wind-shear layer at an angle with respect to the wind direction, 
resulting in a smaller increase of airspeed for a given amount of 
wind shear. A complication is that real flown “semi-circles” could 
depart from the assumed semi-circles. Results are displayed as a 
travel velocity polar diagram in the shape of a valentine (Fig. 6), 
which gives travel velocity in any direction relative to the wind. 
Although this type of diagram is common for sailboats, Fig. 6 ap- 
pears to be the first one based on model simulations of an albatross 
Sailing through the wind. The valentine can be compared with the 
observations of Alerstam et al. (1993, their Fig. 11), plotted as a 
similar diagram. 

Results shown in Figs. 6 and 7 and Table 4 indicate that a mean 
travel velocity can be in any direction relative to the wind given 
sufficient wind shear (AW), including directly upwind, although 
this direction is not the fastest way to travel upwind. The fastest 
upwind travel velocity is 6.2 m/s (AW=6.8 m/s) in a direction 
~30° relative to the wind. This suggests that the fastest way to soar 
directly upwind is by tacking like a sailboat through angles of ~30° 
to the right and left of the wind direction. Tacking upwind with 
this angle can also be accomplished with less wind shear than by 
flying on a mean course directly upwind (AW = 10.6 m/s). Table 4 
also indicates that an albatross tacking at an angle of 50° relative 
to the wind can soar upwind at 5.4 m/s, faster than the wind speed 
(AW = 4.9 m/s) located at the top of the wind-shear layer. Tacking 
refers to the bird alternating the mean travel velocity to the left 
and right of the wind direction, not the 10s zigzag swoops along 
the mean travel velocity. 

The fastest model travel speed is directly downwind at 15.5 m/s 
(AW = 10.6 m/s), although it is almost as fast (~12-13 m/s) to tra- 
vel obliquely downwind at angles of 140-165? relative to the wind 
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Fig. 6. Travel velocity polar diagram in the shape of a valentine based on an average 
airspeed of 16.0m/s and the minimum wind shear (AW) values required for 
sustained soaring in different directions relative to the wind direction. Travel speed 
in a particular direction is given by the length of a line starting at the origin (x = 0, 
y = 0) and ending on the valentine. For example, the travel speed in a direction 30° 
to the right or left of the wind direction is 7.1 m/s, and the associated travel speed in 
an upwind direction is 6.2 m/s (Table 4). Values were calculated using the Rayleigh 
snaking cycle shown in Fig. 6A, a mean airspeed of 16.0 m/s, and leeway equal to 
the average wind speed of the two layers as given in Table 4. Two components of 
travel velocity were combined to create the valentine—the mean travel velocity 
through the air equal to 10.2 m/s and the downwind leeway equal to AW/2. 
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Fig. 7. Mean travel velocity over the ocean using an average airspeed of 16.0 m/s 
plotted versus the angle between travel direction and the wind as shown in Fig. 6. 
The associated minimum wind shear across the wind-shear layer (AW) required for 
energy-neutral soaring in the different directions is also shown. Values were 
calculated using the Rayleigh snaking cycle shown in Fig. 5A, a mean travel velocity 
of 10.2 m/s and leeway equal to the average wind speed of the two layers (AW)/2 as 
given in Table 4. The minimum wind speed increase across the sharp wind-shear 
layer required for energy-neutral soaring (t=10s) ranges from a minimum of 
AW = 3.5 m/s for across-wind flight to a maximum of AW=10.6 m/s for flight 
directly upwind and downwind. 


in AW = 4.3-6.8 m/s (Table 4, Fig. 7). Flying at these angles requires 
only around half the minimum wind shear for direct downwind 
flight (Table 4, Fig. 7) and would maximize distance over the ocean 
at these AWs for foraging and circumnavigations. The most effi- 
cient directions to fly, as defined by the travel airspeed divided 
by AW being greater than 2.5, are 80-150° over the ocean, or direc- 
tions extending from nearly perpendicular to the wind to obliquely 
downwind, with the most efficient direction at around 110° rela- 
tive to the wind. 

Travel velocities given above used a 16.0 m/s airspeed. If wind 
shear were greater than the minimum AW for soaring in a partic- 
ular direction (Table 4, Fig. 7), then in principle an albatross could 
gain additional energy during a swoop and use it to fly faster than 
16.0 m/s. Thus, the travel velocities in Table 4 and Figs. 6 and 7 
could underestimate real albatross travel velocities in larger wind 
shears. For example, the mean travel velocity perpendicular to the 
wind could be ~22 m/s in wind shear (AW) equal to 7 m/s, which 
is twice the minimum shear required for travel velocity perpendic- 
ular to the wind at 10.2 m/s. However, albatrosses do not appear to 
fly this fast (Wakefield et al., 2009) probably because of the large 
associated aerodynamic forces acting on the bird’s wings at fast 
airspeeds. For example, a travel velocity of 22 m/s corresponds to 
an airspeed of 35 m/s, bank angle of 66°, and lift force of 2.5 g, 
which is almost twice that encountered with an airspeed of 
16 m/s and bank angle of 45°. 

In summary, the model Rayleigh snaking cycle indicates that an 
albatross can fly in any direction including directly upwind when 
tacking is combined with travel velocities. Upwind flight velocity 
can be faster than the wind speed located at the top of the 
wind-shear layer when flying at angles of 40-60° relative to the 
wind (Table 4). Wind shears that are larger than the minimum 
wind shear for energy-neutral soaring could enable an albatross 
to fly faster the than travel velocities calculated for minimum wind 
Shear, but albatrosses do not appear to do this. Instead, they appear 
to control airspeed in order to limit aerodynamic force on their 
wings. 
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3.5. Discussion of travel velocity 


The across-wind travel velocity calculated above (10.2 m/s) was 
based on a simplified Rayleigh cycle consisting of a series of linked 
semi-circles and average airspeed, bank angle, and glide ratio. Liss- 
aman (personal communication, 2010) numerically simulated the 
details of a Rayleigh cycle loop and circuit. The implied across- 
wind travel velocity of the loop is 10.0 m/s, close to that found 
above (Table 3). The implied travel velocity of the Rayleigh cycle 
circuit is somewhat smaller than this (8.8 m/s) because the bird 
was forced to return to the starting position. Sachs (2005), using 
a logarithmic wind profile, found an across-wind travel velocity 
of 9.2 m/s and a leeway of 9.0 m/s. This across-wind value is some- 
what slower than the Rayleigh cycle loop because Sachs used smal- 
ler values of glide ratio (20) and cruise velocity (12.6 m/s) (Table 
3). Sachs’ leeway value is much larger than that for the Rayleigh cy- 
cle because the simulated bird remains in the region of fast wind 
speeds above 1.5m in elevation. This could be advantageous for 
a bird trying to fly downwind but a disadvantage in trying to fly 
upwind. The resulting travel velocity over the ocean is 12.9 m/s 
in a direction 134° relative to the wind. 

Some of the albatrosses I observed soared upwind at the same 
speed (~6 m/s) as our ship steamed upwind, which matches the 
upwind travel velocity (6 m/s at 25-40°) of the Rayleigh cycle (Figs. 
6 and 7). Alerstam et al. (1993) report observed albatross travel 
velocities in a travel polar diagram very similar to those estimated 
with the Rayleigh cycle, including across-wind travel speed of 
10.2 m/s (in wind speeds of 8-13 m/s) compared to 10.2 m/s in 
the Rayleigh cycle (Fig. 6). The fastest travel velocity observed by 
Alerstam et al. was 22 m/s at a downwind angle of 140° and in fast 
wind speeds of 13-20 m/s, compared to a travel velocity of 12 m/s 
in the Rayleigh cycle. However, this fast observed speed no doubt 
includes a large downwind leeway velocity. 

Wakefield et al. (2009) found a strong linear relationship be- 
tween the ground speed of albatrosses and the wind-speed compo- 
nent in the direction of flight. For example, the travel velocity 
through the air of wandering albatrosses was found to equal an 
average 10 m/s plus 0.4 times the wind component (at 5 m height) 
in the direction of flight. Values for the Rayleigh cycle (Table 4) give 
a similar 10 m/s travel velocity through the air and a similar linear 
relationship with the wind-speed component (AW) in the direction 
of flight, indicating that the Rayleigh cycle is a good model for ob- 
served albatross flight speeds. The observed speeds suggest that 
albatrosses generally fly with a 10 m/s travel velocity through 
the air even in relatively fast winds (6-9 m/s) and large wind shear. 
The implication is that the birds control the amount of energy gain 
in wind-shear soaring in order to maintain a nearly-constant aver- 
age airspeed. 

In order to fly with a 10 m/s travel velocity in wind shear that is 
much larger than the minimum required for energy-neutral soar- 
ing at that airspeed (Table 4), an albatross must modify its flight 
to gain less energy than the maximum possible. To reduce energy 
gain a bird could increase the period of its swoops. It could climb 
less high through the wind-shear layer or could remain in the 
weak wind shear located higher up in the wind profile as modeled 
by Sachs (2005). A bird could also cross the wind-shear layer with 
a large horizontal angle relative to the wind direction. 

In principle, an albatross could fly on a nearly-straight course 
perpendicular to the wind and also in other directions but not di- 
rectly upwind or downwind by using the net energy gained from 
climbing and descending across the wind-shear layer. A hypothet- 
ical flight pattern might consist of the following: A bird flying east- 
ward (for example) in the lower layer below a north wind of 8.7 m/ 
S rises into the upper layer. As the bird encounters the wind veloc- 
ity, airspeed increases by AV = 2.3 m/s, and the relative wind shifts 
~30° in an upwind direction. The bird quickly turns (yaws) left and 


heads into the relative wind to avoid side slipping. It then banks 
Slightly (~10°) to the right and turns eastward by the end of the 
5s half loop. During the 5s turn, airspeed decreases by 2.3 m/s 
due to drag. The bird then descends into the lower layer and 
encounters another increase of airspeed (AV = 2.3 m/s) and a shift 
of the relative wind ~30° in a downwind direction. The bird 
quickly turns (yaws) right to head into the relative wind and then 
banks slightly (~10°) to the left and turns eastward again, etc. The 
airspeed increase (AV = 2.3 m/s) for nearly-straight flight is smaller 
than the minimum (AV = 3.5 m/s) for the Rayleigh cycle because of 
the smaller bank angle and larger glide ratio in the nearly-straight 
flight. The resulting travel velocity over the ocean would be 
15.5 m/s at a direction of 105° relative to the wind. 

This hypothetical flight trajectory suggests that the snaking 
Rayleigh cycle is 2.5 times more efficient at increasing energy 
(smaller required AW) than the nearly-straight across-wind flight. 
More importantly, it indicates that the general rule of wind-shear 
soaring—climbing headed upwind and descending headed down- 
wind—can be relaxed given sufficiently-large wind shear. Further- 
more, it suggests that an albatross could control energy gain and 
airspeed by reducing the curvature (smoothing) of the Rayleigh 
semi-circular snaking flight pattern to make it straighter as illus- 
trated in Fig. 6C and D and as observed by Idrac (1925, 1931). Along 
with straighter flight come a smaller bank angle and smaller aero- 
dynamic force, which would be less stressful for a bird. 


4. Wave-slope soaring 


A common perception is that updrafts over a wave are caused 
mainly by wind flowing up the windward face of a wave (see 
Pennycuick, 1982; Wilson, 1975). However, the causes and struc- 
tures of updrafts are considerably more complicated than this 
and include air displaced upward by the orbital velocity of the 
wave surface and vertical velocities from wind-wave interactions. 
These can occur simultaneously, their effects adding and subtract- 
ing from each other in complicated ways. Soaring using any 
updraft caused by wind interacting with waves is referred here 
to be “wave-slope soaring,” realizing that this term is a simplifica- 
tion. A bird flying horizontally in an updraft over waves could gain 
altitude (potential energy) from the wind. This energy gain could 
be used to balance the bird’s loss of energy due to drag in 
energy-neutral flight. 

The following summarizes observations of albatross soaring and 
model simulations of wind over waves with the intent to infer 
methods of wave-slope soaring. First, when the air is still and the 
seas calm, albatrosses are observed to usually sit on the ocean 
surface or, infrequently, fly by alternating flapping and gliding 
(Pennycuick, 1982; Alerstam et al., 1993). This indicates that 
thermals are not effective for albatross soaring or that albatrosses 
have not learned how to soar in thermals, which seems unlikely. 

Reports of albatrosses soaring over swell waves in zero wind 
(Alerstam et al., 1993; Froude, 1888; Pennycuick, 1982) illustrate 
that the orbital velocity of the wave surface forces a substantial up- 
draft over the slope of a wave facing its direction of propagation. 
Froude estimated an updraft velocity of around 1 m/s above a wave 
of wavelength 150m, amplitude 1.5m, period 10s, and phase 
speed 15 m/s. Since the minimum sinking rate of a wandering alba- 
tross is around 0.6 m/s (Pennycuick, 2008), this bird could easily 
Soar over these waves in zero wind. The trick in wave-slope soaring 
is to maximize the time in the strongest updrafts and minimize 
time outside this region especially in downdrafts. By flying in the 
strongest updrafts an albatross could gradually increase its air- 
speed over the airspeed of minimum sink and use the excess either 
to climb or to fly in an across-wave direction through a downdraft. 

When a swell wave propagates in an upwind direction then the 
updraft created by wind flowing up the windward wave face is 
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Fig. 8. Example illustrating that wind blowing over a wave forms a lee eddy, which is a region of closed streamlines shaped like a cat’s eye (after Sullivan et al. (2000), their 
Fig. 16b). In this example, wind speed at a height of one wavelength is equal to around four times the wave phase speed c, and c/u* = 3.9, where u* is the friction velocity. The 
lee eddy is centered just upwind of the wave trough and deflects streamlines upwards above the eddy. Updraft wind velocity (shaded) is centered over the leeward (right) 
side of the wave, over the windward (left) side of the eddy, and extends upward over the lee eddy. The dotted line indicates the critical layer, where the wind changes 
direction, as viewed moving with the wave speed, from a downwind direction (to the right) above the critical layer to the opposite direction (to the left) below as caused by 


friction and surface boundary conditions. 


added to the updraft due to the orbital motion of the wave surface. 
This would provide an ideal situation for sustained wave-slope 
soaring that could be accomplished with smaller waves than those 
required to soar in zero wind. A similar situation of enhanced up- 
draft occurs when a swell wave propagates downwind faster than 
the wind speed. Sullivan et al. (2008) describe model simulations 
and observations that include illustrations of updrafts over swell 
waves. 

A fast wind flowing over a relatively slow wave can cause an up- 
draft over the windward wave face, but the updraft is countered 
somewhat by a downward orbital velocity there. Leeward of the 
wave crest and centered just upwind of the wave trough a lee eddy 
can form (Fig. 8), which is a region of closed streamlines centered 
about the critical layer and synchronous with the wave (Sullivan 
et al., 2000). The updraft region located over the leeward wave face 
is forced mainly by upward orbital velocity of the wave surface. 
Sometimes the lee eddy is known as a cat’s eye for its distinctive 
pattern as shown in Fig. 8. The region of closed streamlines in 
the lee eddy deflects the outer mean streamlines away from the 
wave surface creating a region of updraft over the eddy (Fig. 8). 
Sullivan et al. (2000) show streamlines for three examples corre- 
sponding to the increasing ratio of wave speed to wind speed, 
c/u* = 3.9, 7.8 and 11.5, where c is the wave phase speed and u* 
is the friction velocity. As the ratio increases, the cat’s-eye pattern 
thickens, its center moves upward and upwind toward the wave 
crest, and the region of updraft shifts upwind to extend vertically 
over the wave crest. Hristov et al. (2003) also show observations 
and model calculations of wave-induced lee eddies, which include 
an updraft over the lee side of a wave below the critical layer, 
forced mainly by the orbital velocity, and extending over the wave 
crest above the critical layer. Lee-eddy structures and the associ- 
ated pressure perturbations are thought to be important in gener- 
ating wind waves. 

The waves modeled by Sullivan et al. (2000) are sinusoidal. 
Wind waves tend to have sharper crests than this and can break 
in sufficient wind speed. When swift wind blows over a sharp- 
crested wave or a breaking wave, streamlines can separate from 
the wave as described by Pennycuick (2002) and shown in Fig. 3. 
The resulting lee eddy or separation bubble contains closed clock- 
wise streamlines (illustrated very schematically in Fig. 3) and thus 
a region of updraft along the leeward face of the wave due to the 
orbital velocity and upslope wind. Other examples of lee eddies 
are shown by Hsu et al. (1981, Fig. 15), Gent and Taylor, (1977, 
Fig. 2, 3, 7 and 8), Reul et al. (1999, Fig. 1). Vertical velocities of 
1.0 to 1.2 m/s have been measured in lee eddies downwind of 
sharp-crested and breaking waves associated with a free-stream 
wind velocity of 6 m/s (Kawai, 1982; Reul et al., 1999). The updraft 


associated with lee eddies might explain the observations by Idrac 
(1925, 1931) of some albatrosses soaring there as part of low-level 
flight in a Swoop. 

Three main points of this discussion add to previous descrip- 
tions of albatross wave-slope soaring as follows: (1) Lee eddies 
with updrafts can form downwind of a wave crest with or without 
a separated boundary layer (Figs. 3 and 8). (2) An updraft region is 
often located over the leeward slope of a wave and over a lee eddy, 
not just over the windward slope of a wave. The regions of updrafts 
over the leeward and windward wave slopes and the wave crest 
merge and extend upwards above a wave crest (Fig. 8). (3) Starting 
in the lower part of a lee eddy, an albatross can climb upwind over 
a wave crest and descend downwind back into the lee eddy (wind- 
Shear gust soaring) and remain in a region of updraft during the 
whole swoop. Combining both wind-shear soaring and wave-slope 
soaring in this maneuver would maximize total energy gain in a 
swoop. This would be very useful for soaring in low wind speeds. 


5. Relative energy gain from the two soaring techniques 


The gain of energy in wave-slope soaring during a typical swoop 
in a typical updraft was estimated crudely by assuming that an 
albatross spends around half of each swoop in a 1 m/s updraft over 
waves (as discussed above), resulting in an average vertical veloc- 
ity of 0.5 m/s (over a swoop). During the 5s of a half swoop this 
vertical velocity would result in a height gain of 2.5 m, assuming 
horizontal flight through the air. In the same 5s of a half swoop 
the bird could gain 9 m from wind-shear gust soaring as estimated 
above for an increase in wind speed of 5 m/s across the wind-shear 
layer or could gain 20 m for an increase of wind speed of 10 m/s 
across the wind-shear layer. These values indicate that wind- 
shear soaring during a swoop in these typical conditions in the 
Southern Ocean (Table 2) provides around 4-8 times more energy 
than wave-slope soaring or 80-90% of the total. Of course, in zero 
wind 100% of the energy for soaring would have to come from 
wave-slope soaring. 

The energy gained from wave-slope soaring during a swoop 
could be critical to soaring in smaller wind shears. For example, 
if wind shear fell below a certain threshold (AW ~ 3.4 m/s) below 
which energy-neutral soaring could not exist by itself, wave-slope 
soaring could provide the additional energy to make soaring possi- 
ble. In such a situation the bird would need to combine the two 
techniques as observed by Alerstam et al. (1993), Pennycuick 
(1982), and this present study. During the lower part of a swoop 
albatrosses often fly very close to the surface of a wave with a 
wingtip just grazing the water surface. This is interpreted to be 
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how a bird maximizes the effect of wave-slope soaring by flying 
both in the region of maximum updraft to gain energy and in 
ground effect to reduce energy loss from wingtip vortices and 
downwash. 


6. Summary 


The general rules of albatross soaring are: (1) No wind, no 
waves, no soaring; (2) Wave-slope soaring can be accomplished 
in swell without wind; (3) Wind-shear soaring can be accom- 
plished in wind without waves. (4) Wave-slope soaring and 
wind-shear soaring are usually combined when wind and waves 
coexist. In “typical conditions” in the Southern Ocean (Table 2), 
consisting of an increase of wind speed ~5-10m/s across the 
wind-shear layer and an updraft velocity ~1 m/s, wind-shear 
soaring provides around 80-90% of the energy for soaring. 

The albatrosses I observed appeared to use both wind-shear 
and wave-slope soaring techniques. The birds periodically flew 
very close to the ocean surface along the windward face of a wave, 
which is interpreted to be wave-slope soaring. They then turned 
Sharply upwind and pulled up just downwind of another wave, 
climbed above the windward face of that wave, banked steeply 
to turn downwind then descended toward the windward side of 
that wave; this is interpreted to be wind-shear gust soaring. 
Wave-slope soaring might also have been used during the climb 
and descent. Each swoop crossed twice through the wind-shear 
layer, once by climbing into the wind and once by descending 
downwind (or obliquely downwind), so that energy was gained 
on both crossings. The lower across-wind part of the swoop ap- 
peared to coincide with the windward face of a wave, where fast 
airspeeds could lead to large sinking rates. Flying in the updraft re- 
gion of a wave during this part of the swoop provides a gain in en- 
ergy where none is possible from wind shear. Winds interacting 
with waves can generate eddy structures, which can be used by 
an albatross to wave-slope soar over the leeward face and over 
the crest of waves in combination with gust soaring. 

A simple dynamical model based on the Rayleigh (1883) cycle 
of wind-shear soaring and Pennycuick’s (2002) concept of gust 
Soaring Over waves was developed to simulate the observed zigzag 
flight pattern. The Rayleigh cycle indicates that albatrosses can 
soar in any direction including directly upwind, although across- 
wind and down-wind flight is faster. Simulated travel velocities 
in different directions were shown in a travel velocity polar dia- 
gram (Fig. 6), which is somewhat similar to ones generated for sail- 
boats but a first for albatrosses. Mean travel velocity perpendicular 
to the wind is around 10.2 m/s. Maximum upwind velocity of 
6.2 m/s can be achieved by a bird tacking through angles of 30° rel- 
ative to the wind. The minimum increase of wind speed across the 
thin wind-shear layer necessary for energy-neutral soaring at 
16.0 m/s airspeed was estimated to be around 3.5 m/s for across- 
wind flight with a 10s period (Table 4, Fig. 7). This result agrees 
closely with some detailed numerical simulations of albatross 
flight by Lissaman (personal communication, 2010) (Table 3). In 
large wind shear an albatross modifies its flight pattern in order 
to limit energy gain, airspeed, and aerodynamical force on its 
wings. 

Real albatross flight patterns appear to combine both wind- 
shear gust soaring and wave-slope soaring, which suggests that 
models that exclude waves and wind-wave interactions do not 
simulate real albatross flight. The simple Rayleigh cycle modeled 
here, which includes the effect of waves by simulating gust soaring 
through a detached wind-shear boundary layer, captures the 
essential dynamics of wind-shear soaring and appears to repro- 
duce quite well the observed features of albatross soaring, includ- 
ing realistic travel speeds in all directions, even upwind velocity 
faster than the wind speed at the top of the wind-shear layer. 


The model Rayleigh cycle balances the sudden gain of airspeed (ki- 
netic energy) due to crossing the wind-shear layer in gust soaring 
with the gradual loss of airspeed due to drag during each half loop 
and simply illustrates how an albatross can use wind shear to soar 
in different directions. 


7. Conclusions 


My conclusion about the relative importance of the two soaring 
techniques has evolved since | first watched albatrosses soaring 
over the South Atlantic Ocean and thought they mainly used up- 
drafts over waves. I now believe they mainly use wind-shear in 
gust soaring, except in light winds and in the presence of signifi- 
cant swell. Convincing evidence of the overall importance of the 
wind-shear soaring technique is given by modeling studies of 
wind-shear soaring (Lissaman, 2005; Sachs, 2005) including the 
simple Rayleigh cycle described above, the gust-soaring concept 
developed by Pennycuick (2002), the exceedingly fast RC glider 
speeds obtained by wind-shear gust soaring downwind of ridges, 
and the large relative energy gain from wind shear estimated here 
for a swoop in “typical conditions” in the Southern Ocean. 
Albatrosses appear to combine both soaring techniques in their 
swooping flight, with wave-slope soaring providing additional 
energy gain on the lower across-wind flight path where no energy 
gain is possible from wind-shear soaring and possibly additional 
energy gain in updrafts during the upper part of a swoop over a 
wave crest. 

To further investigate the soaring techniques of albatrosses, it 
would be helpful to instrument them to measure in high resolution 
their positions, orientations, velocities over the ground and 
through the air as well as information about wind and wave fields. 
If these kinds of data were obtained they might also provide new 
information about the interactions of wind and waves and wave 
generation. Models of albatross soaring would be improved by 
including waves and the interactions of wind and waves, which 
could help provide information about gust soaring and the wave- 
slope soaring part of a swoop. Interpreting such model simulations 
could be difficult since even model simulations of albatross soaring 
that exclude waves have been a challenge to interpret. 
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Appendix A. 
A.1. Modeled Rayleigh cycle 


In the modeled Rayleigh cycle (Fig. 4) the loss of energy over a 
half loop (t/2=5s) is given by mg(t/2)V,, where m is mass, g is 
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Table Al 

Summary of flight characteristics of a wandering albatross. 
Flight characteristic t (s) @ (°) 
Straight flight 
Minimum sink rate - 0 
Maximum V/V, - 0 
Circular flight 
Minimum sink at t= 10s 10.0 42.1 
Minimum height loss 9.3 45.0 
Rayleigh cycle loop 
Minimum AW at t=10s 10.0 45.6 
Absolute minimum AW Fz 54.7 


V (m/s) V, (m/s) VIV, AW (m/s) 
12.2 0.66 18.4 - 

16.0 0.76 21.2 - 

14.1 1.04 13.7 - 

14.5 1.11 13.0 ~ 

16.0 1.14 13.8 3.55 

16.0 1.51 10.6 3.36 


Note that t is the period of a loop (observed t = 10s), @ is the bank angle, V is the airspeed, V; is the sinking speed, V/V, is the glide ratio, and AW is the minimum increase of 
wind speed across the wind-shear layer needed for energy-neutral flight in a Rayleigh cycle loop. Values were calculated using a quadratic drag law, the aerodynamic 
equations of motion (Lissaman, 2005), the maximum glide ratio (21.1) and the associated cruise airspeed (16.0 m/s) of a wandering albatross in straight flight (Pennycuick, 
2008) (see Appendix A). A Rayleigh cycle is based on a constant height loop (zero sink); listed values of V, represent the equivalent sinking speeds due to drag, assuming that 


dV/dt = 0. 


gravity, t is the period of a loop, and V, is the bird’s sinking speed 
through the air due to drag. Conservation of energy for energy- 
neutral soaring requires that this energy loss must equal the sud- 
den gain in kinetic energy (airspeed) from crossing the wind-shear 
layer, which is given by m(V5 — V{)/2, where V; is the airspeed be- 
fore crossing the wind-shear layer, and V2 is the airspeed after 
crossing the layer. In this latter term, V5 — V7 = (V2 — Vi)(V2 + V1). 
V,+V, is assumed to equal twice the average airspeed (2V) in 
the nearly-circular flight, and V2 — V; is the increase of airspeed, 
AV, of a bird crossing the wind-shear layer, which is assumed to 
equal the vertical increase of wind speed (AW) across the layer. 
Conservation of energy and the approximations given above indi- 
cate that 


gt 
AV AVIV,’ (A1) 
where V/V, is the glide ratio averaged over 5 s of a half loop and over 
AV. 

The decrease in airspeed at constant height during a half loop 
was obtained by balancing the rate of change of airspeed (kinetic 
energy) with dissipation due to drag. This balance indicates that 
dV/dt = g/(V/V-). Since V/V, is virtually constant in the relevant air- 
speed range AV centered on the cruise airspeed of 16.0 m/s (Table 
1), airspeed decreases linearly in time. Therefore, the total decrease 
of airspeed, AV, in a half loop (t/2) is equal to gt/2(V/V,) as derived 
above (Eq. (A1)). 

Values of V/V, for circular flight were calculated using a qua- 
dratic drag law (drag proportional to lift squared), the aerodynamic 
equations of motion (Lissaman, 2005; Torenbeek and Wittenberg, 
2009), the maximum glide ratio (V/V,)max = 21.2, and the associ- 
ated cruise airspeed V.=16.0 m/s of a wandering albatross in 
Straight flight (Pennycuick, 2008). Specifically, values of V/V, were 
calculated using 


2(V/V-,) max 


ae (V/V)? + (V./V cos py?’ 


(A2) 


where ¢ is the bank angle. For balanced circular flight, cos@ is given 
by 


1 


COS 0 = ASS 
(2nV/gt)? +1 


(A3) 

The airspeed at minimum sink rate in straight flight was found 
by setting the derivative dV,/dV (Eq. (A2)) equal to zero and solving 
for V, which is given by V=0.760V, = 12.2 m/s. The minimum sink 
rate (V,=0.66 m/s) at this airspeed is achieved with a large lift 
coefficient. The airspeed of minimum sink rate in a balanced circle 


was Calculated using this same lift coefficient and by assuming that 
the added lift required to balance centrifugal force in the turn is 
provided by an increase of airspeed. This results in the airspeed 
of minimum sink rate (often called minimum power) in a 10s cir- 
cle being given by V = 0.760V,/,/cos@ = 14.1 m/s (Tables 1 and A1). 
The minimum sink rate at this airspeed is V, = 1.04 m/s. These val- 
ues are close to those corresponding to the minimum height loss in 
a circle, which occurs at a bank angle @ = 45.0°. Using @ = 45.0° and 
V = 0.760V,/,/cos@, we find that values for minimum height loss in 
a circle are t=9.26s, V=14.5 m/s, and V,= 1.11 m/s (Table A1). 

The minimum AV (and AW) for an energy-neutral Rayleigh loop 
was determined by first calculating a AV using the V/V, at 16.0 m/s 
cruise airspeed in the loop (Table 1) and then calculating average 
values for that range in airspeeds (AV) centered on an airspeed 
of 16.0 m/s, etc. The minimum vertical increase of wind speed 
across the wind-shear layer for a 10s loop was found to be 
AW = 3.55 m/s; this value corresponds to an average V/V, = 13.8, 
average equivalent V,=1.14m/s, and average m=45.6° (Table 
A1). The Rayleigh cycle is based on a constant height loop (zero 
sink); the value for V, given above is the equivalent sink rate that 
would balance drag if dV/dt = 0. 

The minimum airspeed loss AV (and AW) calculated above for 
energy-neutral soaring used the observed 10s loop period. How- 
ever, minimum AV is a function of the loop period, and there is 
an absolute minimum AV, which occurs at the cruise airspeed 
V.= 16.0 m/s and at an optimum loop period top; given by 


TV V2 





=7.25s. (A4) 


Cont — 
Eq. (A4) was derived by setting the derivative d(AV)/dt (Eq. (A1)) 
equal to zero and solving for t. At top, and V. = 16.0 m/s, the glide 
ratio in the loop is just one half of the maximum glide ratio in 
Straight flight, and the equivalent sink rate (1.51 m/s) in the loop 
is equal to twice the sink rate (0.755 m/s) at 16.0 m/s in straight 
flight. The small optimum loop period (7.25s) results in more 
frequent crossings of the shear layer and a larger rate of energy gain 
than that in the 10s loop. 

Using top, and V.= 16.0 m/s, the absolute minimum AV (and 
AW) was found to be 


TV .V2 


ies (V/V,) max 


=3.35m/s. (A5) 
Eq. (A5) can be simplified to AV= 7V;,/2, where V; is the sinking 
speed (0.755 m/s) corresponding to (V/V,)max. Values for the abso- 
lute minimum AV in a Rayleigh cycle loop were calculated as aver- 
ages within the AV range in airspeeds (3.35 m/s) centered on 
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16.0 m/s. The absolute minimum AV (and AW) = 3.36 m/s; this 
value corresponds to an average V/V,= 10.6, average equivalent 
V,= 1.51 m/s, and average ~ = 54.7° (Table A1). 
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Abstract 


In the domain of UAVs, endurance and range are key utility factors. However, 
small-sized UAVs are faced with serious limitations regarding energy storage options. A 
way to address this challenge is to seek for energy from the surrounding environment. 
One flight technique, called dynamic soaring, has been perfected by large seabirds like 
the albatross, which enables them to wander effortlessly in southern oceans. This thesis 
investigates the feasibility to find inspiration from the biological world in order to 


address the issue of limited endurance. 


First of all, an extensive literature background sums-up a range of technical 
aspects that can be learnt out of the flight of albatrosses. It reviews their morphology, 
flight performance and sensitivity to wind strength, their flight characteristics and 


energy expenditure management. 


Then, a methodology to simulate dynamic soaring flight is built-up by focusing 
first on adequate models for the vehicle and for the environment. It details the way 
those models are described quantitatively and qualitatively. As for the vehicle, a point 
mass model is chosen and applied to fixed-wing gliders of several scales, as well as to an 
albatross of generic dimensions. The environment is first modelled by classical 
boundary layer theory on a rather flat surface and then refined by taking into account 
specificity about the ocean boundary layer, such as varying roughness length and 


surface waves. 


Equations of motion are detailed for both points of views, earth-relative and air 
relative. This yields two different sets of equations of motion, eventually representing 
equivalent physics. An optimization problem is then set in order to determine, for the 
vehicle, how to extract energy from its environment. Variations in objective function 
and in constraints are described before presenting the numerical integration scheme 
which converts the optimization problem into that of finite-dimension. The solving 
tools and their specificity are presented, followed by a validation of the overall 


methodology with a particular study case from the literature. 


Basic principles of dynamic soaring flight are explicated by using a specific 
closed-loop study case. Energy-harvesting mechanisms are disclosed locally and next 


integrated over the whole flight path. A further illustration of dynamic soaring is 


provided by relaxing some periodicity constraints and opening the trajectory. The 
specificity of the ocean boundary layer environment is finally implemented and a 


refined energy-harvesting strategy is presented. 


Air relative equations of motion are dimensionless so as to highlight specific 
dynamic soaring behaviours, in the case of a simplified linear wind profile and 
eventually by finding an appropriate non-dimensionalization for a logarithmic wind 
profile. Conditions of similarities between dimensionless solutions are described and 


some basic DS characteristics are outlined. 


Finally, various dynamic soaring performance study case are computed. 
Optimized trajectories are implemented for the selected vehicles and compared on a 
required wind strength basis. The sensitivity of the required wind strength to the net 
flight heading as well as to the ground clearance and to the surface roughness length is 
determined by drawing performance charts. In order to enlarge the scope of favourable 
dynamic soaring conditions, thrust-augmented trajectories are considered. The range 
improvements offered by dynamic soaring are compared to the straight line case, for 


different wind strength and different net flight headings. 


il 


Résumé de la thése en francais 


Dans le domaine des drones, l'endurance et l’autonomie sont reconnues comme 
étant des facteurs d'utilité clés. Ces véhicules sans pilotes permettent d’élargir le spectre 
des missions accessibles aux aéronefs, notamment, pour certaines applications, en 
réduisant leur taille. Cependant, les drones de faibles dimensions sont confrontés a des 
limitations importantes concernant les options de stockage d'énergie. Des solutions 
alternatives de propulsion ont été approchées dans la littérature, comme le recours aux 
piles 4 combustible qui permet de tirer parti de l’importante densité énergétique du 
dihydrogéne. Ou encore la modification de la chaine énergétique a bord, en déportant la 
source au sol et en transmettant au véhicule l’énergie via un laser. Chacune de ces 
options a ses limites a lheure actuelle. Une autre fagon de répondre a cet enjeu est 
d’extraire de l'énergie a l'environnement ambiant au vehicule. Cela peut se décliner sous 
plusieurs formes et des solutions ont été abordées par le passé, comme le vol de pente, 
le vol de thermique ou encore l’exploitation photovoltaique de énergie solaire. Ce sujet 
se rallie a la méme démarche générale d’exploitation de |’énergie ambiante, mais se base 
sur des principes d’extraction différents. Par ailleurs, ces problématiques s’inscrivent 
dans un contexte de bio-mimétisme, ou la nature est considérée comme une source 
d’inspiration, d’autant plus alors que les drones peuvent atteindre des dimensions 


comparables a celles des oiseaux. 


Une technique de vol a été perfectionnée par de grands oiseaux de mer comme 
l'albatros, ce qui leur permet de parcourir les océans de l’hémisphére sud, sur des 
milliers de kilométres, sans effort. En effet, les travaux de biologistes ont permis 
d’identifier certaines caractéristiques du vol de l’albatros. Parmi les plus significatives 
figurent leur vol non battu et les distances considérables qu ils parcourent, ce qui sous- 
entend une gestion énergétique intéressante. Afin de bénéficier d'une source 
d’informations aussi large que possible concernant le vol de l’albatros, une vaste revue 
bibliographique est faite des contributions biologistes offrant un éclairage sur les 
aspects physiques de l’albatros et de son vol. A ce titre, cette bibliographie s’attache a se 
distancer des aspects comportementaux, ou du moins a les distinguer, pour se 


concentrer sur les informations physiques du vol. 


Ainsi, on peut apprendre que des spécimens équipés de balises GPS ont 
parcouru des distances de voyages considérables, allant méme jusqu’a des 


circonvolutions dans les latitudes sud. Ces performances sont associées a des vitesses de 


lil 


voyage pouvant dépasser 900 kilometres par jour. Cette vaste couverture des mers 
s explique, pour l’aspect comportemental, par un besoin de l’oiseau de maximiser la 
probabilité de rencontrer des proies qui ont une distribution trés sporadique en surface. 
Ces performances soulévent d’autant plus d’interrogations que la morphologie des 
albatros démontre une incapacité a battre durablement des ailes. En outre, toutes les 
observations font de fait état d'un vol strictement plané, pour lequel l’albatros est en 
revanche particuliérement adapté. En effet, ses ailes ont un grand allongement et 
peuvent étre maintenue déployées sans que loiseau force, par l’intermédiaire d’un 
tendon. Des la fin du XXeme siecle, il a été conjecturé que ces oiseaux tiraient parti du 
vent. De fait, la répartition de leurs colonies sur les iles isolées des mers du sud 
correspond effectivement aux zones qui voient les vents les plus fréquents et les plus 
puissants. Cette dépendance au vent est méme marquée par des oiseaux bloqués sur 
l'eau lorsque le vent vient a tomber, alors qu’ils passent la majorité de leur temps en 
lair. D’autres informations sont utiles pour enrichir la compréhension de ce rapport au 
vent. Leur direction de vol par rapport au vent est orientée dans le méme sens que le 
vent, mais avec une composante de travers fortement prononcée, de telle sorte que 
l’oiseau vole aux alentours de 45° par rapport au sens du vent. Enfin, a plus faible 
échelle, leur vol fait apparaitre des trajectoires sinueuses et cycliques, avec des virages 
successifs en montée et en descente, entre la surface et des altitudes aux alentours de 
15-20 metres maximum. II apparait que les albatros tirent profit des gradients de vents 


qui se forment a la surface, dues aux interactions de couches limites atmosphériques. 


L’ensemble de ces considérations, associées au fait qu'un drone de faibles 
dimensions peut, a priori, reproduire les dimensions et performances planés de 
lalbatros, font de cette technique un sujet de recherche prometteur dans le domaine des 
drones. En effet, la source d’énergie requiert uniquement la présence de vent et est 
uniformément présente sur de vastes zones géographiques, au contraire des thermiques 
par exemples, qui sont limitées a des zones réduites et clairsemées. La technique de vol 
démontrée par les albatros est quelquefois appelée vol de gradient en francais, mais on 
lui préférera l’expression anglo-saxonne dynamic soaring (DS), plus couramment usitée. 
Elle traduit en effet la dynamique nécessaire a l’extraction d’énergie, la ot d'autres 
techniques, comme le vol de thermique ou de pente, voit l’extraction se faire sous forme 
constante, via un régime de vol statique. Lors du vol par DS, au contraire, les échanges 
d’énergie sont périodiques, avec des gains et des pertes, au travers de manoeuvres 
dynamiques de vol. La question principale de ce travail de recherche consiste a savoir 
s il est faisable, et dans quelle mesure, d’exploiter le DS afin de répondre aux enjeux de 


vol longue distance pour des drones. Ce travail de recherche a une dimension 


1V 


clairement multidisciplinaire et on conceptualisera trois domaines de recherche afin de 
structurer notre raisonnement. Il s agit du véhicule, de l’environnement et des 
trajectoires. Différents objectifs de recherche sont déterminés, relatifs a chacun de ces 


concepts et a la facon dont ils s’influencent. 


Afin de circonscrire le sujet et ses développements, une bibliographie de la 
littérature est faite, parcourant les différentes approches d’extraction d’énergie au vent 
qui ont pu étre étudiées. Cela comprend le gust soaring, ou vol de rafale, qui exploite les 
variations stochastiques des composantes verticales de la masse d’air, au sein de la 
couche limite atmosphérique turbulente. Les échelles de temps considérées sont faibles, 
comparés au DS, qui exploite la répétabilité des conditions rencontrées au cours de 
cycles identiques de trajectoires. Le dynamic soaring nécessite la présence de gradient 
de vent ainsi que leur connaissance a priori et peut donc étre envisagée sous différentes 
formes. La revue bibliographique parcoure ainsi les études du DS qui ont été faites non 
seulement sur une surface pseudo-plane, mais aussi en aval d'une colline, dans le 
courant daltitude jet stream ou encore au sein dune tempéte avec un champ 
rotationnel. Cette revue permet de fixer les bases de notre étude et de confirmer ses 
objectifs, en révélant la nécessité de réunir les différents points de vue existants, 


notamment concernant les principes d’extraction d énergie. 


Notre étude s’est tout d’abord attachée a modéliser environnement et le 
vehicule, avant de faire interagir les deux. Le chapitre III expose cette approche, en 
détaillant tout d’abord le choix des modeles physiques représentatifs de 
l'environnement et du véhicule avant de s’attarder sur leurs quantifications. Concernant 
le véhicule, un modeéle de masse ponctuelle est choisi, qui concentre tous les efforts au 
centre de gravité. La simplicité de ce modele est attractive pour l’application qui est 
recherchée et se justifie par le fait que l’échelle des gradients de vent permet d’utiliser 
une masse ponctuelle pour représenter la dynamique du vol. En revanche, certaines 
contraintes opérationnelles, liées a l’évolution du véhicule, comme la limitation du taux 
de roulis, doivent alors étre déterminées intuitivement car leur évolution n’est régie par 
aucune équation. Une fois ce choix fait, le premier véhicule considéré reprend la 
morphologie de Valbatros, établie par les biologistes. Puis, afin de s’affranchir des 
disparités liées aux dimorphismes entre spécimens et aux incertitudes des mesures 
anatomiques, trois plateformes a voilure fixe, basées sur des architectures de moto- 
planeurs, sont considérées. Elles correspondent a trois échelles de véhicule différentes, 
choisies pour représenter le compromis entre taille et performances de vol plané et 
permettre ainsi d’explorer la faisabilité du vol par dynamic soaring pour différentes 


dimensions de drone. 


En ce qui concerne l'environnement, dans un premier temps, une surface 
pseudo-plane est considérée et un profil logarithmique, représentatif d’un profil de 
vitesse moyen de couche limite atmosphérique, est choisi. En raison des irrégularités de 
surface, la loi logarithmique fait intervenir la longueur de rugosité, qui est en directe 
correspondance avec l'état de surface considéré. Elle fait aussi intervenir, plus 
classiquement, la vitesse de friction qui est une représentation directe de la contrainte 
pariétale. Ainsi, ces deux variables permettent de définir un profil de vitesse moyen, qui 
prend statistiquement en compte les irrégularités de surface. Or il apparait que les 
longueurs de rugosité utilisées dans la littérature sur le DS sont d’un ordre de grandeur 
trop important pour correspondre a celles rencontrées en mer. Une correction est 
proposée avec la prise en compte d’un modele de rugosité qui lie directement la 
longueur de rugosité au vent rencontré, suggérant ainsi une corrélation implicite entre 
contrainte pariétale et état de surface. Le profil de vitesse n’est alors plus figé mais 
dépendant des conditions environnementales. En outre, il apparait dans la littérature 
que les vagues jouent probablement un réle dans la technique de vol des albatros. Si 
interaction vent-vague est un tres vaste sujet, il a été décidé de se concentrer sur 
linfluence d’un vague sinusoidale, corrélée aux conditions de vent via une 
méthodologie simple, reprenant des mesures faites en mer. Cette vague, peu creusée, est 
représentative d’une houle et engendre des déplacements d’air a son voisinage, due au 
mouvement ondulatoire de la vague. Ainsi, la face montante de la vague voit 
l’apparition d’une composante verticale montante de la vitesse air a son voisinage, alors 


qu elle est pourtant sous le vent. 


Une fois que les modéles environnement et véhicule sont déterminés, les 
trajectoires permettant d’exploiter le DS doivent étre établies. L’unique facon de 
prouver la faisabilité de cette technique de vol est en effet de montrer l’existence d’une 
trajectoire de vol y correspondant. A cet effet, il est dans un premier lieu nécessaire de 
mettre en place les équations qui régissent l’évolution de véhicule au sein de son 
environnement. Le point de vue choisi pour l’observation de cette évolution est 
primordial pour l’écriture des équations. Deux options sont possibles, se baser dans un 
repere galiléen lié a la terre ou alors se déplacer avec la masse d’air que le véhicule 
traverse. Les échanges d’énergie entre véhicule et masse dair ont aussi des 
interprétations différentes suivant le référentiel, dans la mesure ow la définition méme 
de l’énergie dépend du point de vue. Le point de vue terrestre est choisi et les six 
€quations de la dynamique, gouvernant l’évolution de six variables d’état liées au 
vehicule, sont écrites. Celles-ci dépendent de l'état méme de ces variables ainsi que des 


variables de contréle, en l’occurrence le coefficient de portance et langle de roulis. Si 
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ces parametres ne sont en réalité pas contrélables directement lors du pilotage réaliste 
du véhicule, ce sont les variables de plus bas niveau disponibles avec le modeéle de masse 
° ° a7 ° ° 9 oe 
ponctuelle. Pour garantir toutefois que l’évolution de ces variables n’est pas fantaisiste, 
il est nécessaire de borner leurs taux d’évolution ainsi que leurs dérivées premiere et 
seconde, ceci afin d’obtenir des fonctions doublement continue, physiquement 


cohérentes. 


La singularité du probleme vient du fait de la dépendance aux variables de 
controle, qui pilotent la trajectoire et doivent étre, d'une certaine maniere, guidées dans 
leur évolution afin de trouver la trajectoire permettant d’exploiter le dynamic soaring. 
La meéthodologie employée consiste a trouver la meilleure trajectoire, en mettant en 
place et en résolvant un probleme d’optimisation. La formulation générale du probleme 
est assez générique, avec une fonction exprimant l’objectif et des contraintes associées. 
L’objectif est de minimiser la vitesse du vent nécessaire a |’établissement d'une 
trajectoire énergétiquement neutre, c’est-a-dire qui voit les pertes du véhicules 
compensées exactement pas ses gains. Un critére important est la périodicité de la 
trajectoire. En effet, il est ais¢é pour un véhicule d’extraire durant une certaine période 
de l’énergie au vent. En revanche, rendre ce processus reproductible est le défi du vol 
par DS. Les contraintes du probleme d’optimisation incluent ainsi une périodicité des 
variables, a l’exception, pour certains cas, ou un déplacement horizontal est permis 
entre situation initiale et finale. Il est a noter que la reproductibilité des cycles de 


trajectoires se base ainsi sur l’hypothése d’une homogénéité de la loi de vitesse de vent. 


Une étape plus complexe est la conversion de ce probleme purement 
mathématique en un probleme de dimension finie, qui peut étre ensuite abordé par des 
techniques numériques d optimisation. La premiére tache consiste a diviser l’intervalle 
de temps en sous-intervalles et en exprimant les équations de la dynamique sous forme 
de contraintes, grace a un schéma d intégration numérique sur chaque intervalle. Sans 
rentrer dans les détails, la fonction dérivée, pour chaque équation, est interpolée, sur 
chaque intervalle, par un polynéme quadratique en trois points de collocation, tandis 
que les variables d’états sont interpolés par un polynéme de Hermite. De cette maniére 
lintégration des équations est implicitement effectuée au cours de |’optimisation. 
D’autres contraintes opérationnelles sont ajoutées, en plus de celles de périodicité, 
comme par exemple le non-décrochage ou la garde au sol. Le probleme engendré est un 
probleme d’optimisation contrainte non linéaire, que l’on résout avec le solveur SNOPT. 
Un cas de validation est effectué en reproduisant des conditions déja étudiées dans la 


littérature et la correspondance entre les deux valide la méthodologie. 
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Une fois la méthodologie établie, le chapitre V s’attache a l’interprétation des 
résultats, avec un accent particulier porté sur la compréhension des mécanismes 
d’extraction d’énergie. Les phases caractéristiques des trajectoires par DS sont décrites 
en se basant sur un cas de trajectoires fermées, pour laquelle le véhicule revient 
exactement a sa position de départ, avec la méme énergie. Cela démontre au passage la 
faisabilité de se maintenir en position, virtuellement indéfiniment, indépendamment de 
la direction du vent. La trajectoire n’est alors pas une boucle simple mais constituée de 
deux boucles internes, enchainées pour former l’aspect d’un 8. Quatre phases de vol 
forment invariablement les trajectoires par dynamic soaring : une montée face au vent, 
un virage dans le vent en haut de boucle, une descente vent arriére et un virage contre 
le vent proche de la surface. Si ces quatre phases se retrouvent invariablement, leurs 
amplitudes dépendent de la nature de la trajectoire (ouverte ou fermée) et du cap net de 
voyage souhaité. On montre que l’extraction d’énergie se fait lors de la montée face au 
vent, du virage haut et de la descente et que le virage contre le vent concentre les 
principales pertes. Il est montré que ces échanges d’énergie sont les résultats du travail 
des forces non conservatives qui s appliquent sur le systéme, en l’occurrence les forces 
aérodynamiques. Des graphiques présentant les triangles des vitesses et projections des 
forces permettent de montrer comment la portance, orientée par la_ vitesse 
aérodynamique, est déviée dans le sens du mouvement lors des trois phases citées et de 
maniére opposée lors virage bas. En outre, l’expression de la puissance des forces se 
développe et fait apparaitre que la trainée peut, elle aussi, avoir une composante qui 
joue un réle moteur, tandis que la seule composante invariablement négative provient 
de la composante de la trainée opposée a la vitesse air. La propension du veéhicule a 
exposer sa face inferieure orthogonalement a la direction du vent lorsque l’altitude 
maximale est atteinte est similaire a ce qui est observé chez les albatros et correspond a 
la configuration qui maximise la puissance extraite au vent. Il est montré comment le 
gradient de vent permet au véhicule de ne pas perdre trop d’énergie lors du virage bas, 
mais qu’en aucun cas l’énergie est extraite du gradient de vent. A ce titre, le virage 
contre le vent est une phase particuli¢érement critique pour le vol par DS, dans la 
mesure ou un changement mineur d’altitude a un impact direct sur la vitesse du vent 
rencontrée lors du virage, en raison du fort gradient présent a faible hauteur. La 
contrainte de garde au sol minimum représente des conditions favorables au vol par DS 


lorsqu elle autorise des faibles séparations entre surface et véhicule. 


Apres s étre intéressés au fondamentaux du vol par dynamic soaring, un cas 
d’étude simulant le vol de l’albatros de la maniére la plus réaliste possible est mis en 


place. Dans un premier temps, l’impact d’une longueur de rugosité est évalué. Il est 
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montré que la prise en compte d’une longueur de rugosité représentative des conditions 
océaniques engendre une augmentation de la vitesse du vent nécessaire pour voler par 
DS (Il est montré plus tard que la vitesse de friction n’est en revanche pas impacteée). 
Cela suggeére que les albatros, dont le vol est observé a des vitesses de vent plus faibles, 
utilisent des mécanismes de vol non pris en compte par la simulation sur une surface 
pseudo-plane. Celle-ci est donc enrichie par la présence de vagues, et il est montré que 
le véhicule se déporte du cété de la face montante de la vague pour y effectuer son 
virage bas, la ot. la vague produit une composante verticale montante. II est ainsi établi 
que le véhicule peut bénéficier de la présence de vagues, afin d’abaisser la vitesse de 
vent requise au vol par DS. Toutefois, des écarts significatifs persistent entre la vitesse 
de vent théorique obtenue et celles relevées lors des vols des albatros. Cela souligne des 
raffinements utilisés par les albatros que la simulation proposée ne couvre pas. On peut 
conjecturer sur l’exploitation des rafales au sein d’un environnement en vent non pas 
stationnaire mais turbulent, l’exploitation de vagues plus formées du spectre qui font 
apparaitre des phénomeénes de nature différente, comme le décollement de la couche 
limite, ainsi qu'une rugosité de surface plus prononcée que dans notre modele, 


correspondant a une mer plus jeune. 


La these, sintéresse, au cours du chapitre VI, a une approche plus 
mathématique du DS, afin de comprendre comment les variables du probleme peuvent 
étre liées entre elles. En effet, un inconvenient des simulations faites dans le chapitre 
précédent est qu elles sont propres a un véhicule, a des contraintes opérationnelles 
précises et a des conditions de vent particulieres. Afin de rechercher comment les 
variables liées a ces paramétres interagissent entre elles, indépendamment des 
métriques associ€es, une analyse adimensionnelle des équations est effectuée. Les 
€quations de la dynamique, é€crites dans le référentiel lié a la masse d’air, se prétent bien 
a cette approche en limitant les angles de projection. Elles sont donc normalisées, via un 
choix de variables de références pour chaque unité. Dans un premier temps, un profil de 
vent linéaire est choisi (avec un gradient constant) et l’adimension se fait aisément, en 
faisant apparaitre un parametre de similitude qui implique notamment la charge alaire 
et le gradient de vent. Ainsi l'étude fait apparaitre, en théorie, des familles de problémes 
dont les solutions adimensionnées sont identiques entre elles. Il est donc possible, a 
partir d’une solution, d’extrapoler celles qui ont le méme paramétre de similitude. Cela 
est vérifié via des simulations, validant au passage la méthodologie. En revanche, une 
limitation du profil de vent linéaire est qu’il ne fait pas apparaitre l’augmentation du 
gradient de vitesse en proche surface, qui semble pourtant primordial dans le vol par 


DS, au vu des observations faites des albatros et des simulations établies plus tdt. Ainsi, 
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cette méme approche est reprise pour un profil de vitesse qui suit la loi logarithmique 
définie précédemment. Une normalisation est trouvée et validée par des simulations, 
mais les solutions identiques entres elles impliquent des contraintes particuliéeres entres 
altitude minimale et la vitesse de friction, ce qui, en pratique, semble peu utile. En 
revanche, cette approche illustre quelques résultats intéressants, notamment en faisant 
apparaitre la charge alaire comme parametre de similitude et en montrant que la vitesse 


de friction nécessaire ne varie pas quand la longueur de rugosité change. 


Enfin, une fois quelques propriétés remarquables fournies par [analyse 
adimensionnelle, la these s’attache, lors du dernier chapitre, a simuler les variations de 
performances qui peuvent étre obtenues lors du vol par DS, en changeant le véhicule, 
les conditions opérationnelles ou encore les conditions environnementales. Ainsi, les 
trois véhicules sont testés, et il apparait que le compromis entre faible envergure et 
performances de plané tourne a l’avantage de ces derniéres. En effet, le véhicule de plus 
grande envergure parvient a voler par DS avec le minimum de vent requis. Il apparait 
ainsi que le DS s’adapte moins bien, dans les conditions simulées, aux véhicules de 
faibles dimensions, mais que les perspectives pour des drones de plus grandes tailles 
sont intéressantes. Ensuite, pour un véhicule donné, les conditions opérationnelles et de 
surface sont changeéees. Il apparait qu'une forte rugosité permet de réduire la vitesse du 
vent nécessaire (méme si la vitesse de friction est constante) et qu’elle permet aussi de 
maximiser l’étendue des angles de voyage accessible par DS. D’autre part, une faible 
garde au sol a aussi les deux avantages cités précédemment. Enfin, dans la mesure ot du 
vol purement plané exige des conditions particuliéres en vent, le vol motorisé est 
approche pour complémenter le DS lorsque le vent est trop faible pour permettre du vol 
purement plane. L’autonomie permise alors par le DS est alors étudiée en fonction du 
cap net de voyage choisi par rapport au vent. Puis, le vent est progressivement diminué. 
Il apparait que le DS permet d’améliorer significativement l’autonomie du véhicule en 
conditions de vent, mais qu’au fur et 4 mesure que le vent diminue, l’avantage procuré 


par le DS faiblit et se rétrécit a une zone de direction de vol de plus en plus faible. 


Ainsi il apparait que le DS, tel que simulé sur une plaque rugueuse pseudo- 
plane, permet au véhicule de se maintenir en l’air et de se déplacer gratuitement. La 
diminution du vent proche de la surface dispense la perte de trop d’énergie lors du 
virage contre le vent et permet ainsi de limiter la puissance du vent nécessaire au vol 
par DS. En revanche, il semble peu probable que les albatros parviennent a leurs 
performances en se contentant de ces seuls phénomenes. En effet, méme en ajoutant un 
modele de vague aux simulations, les vents théoriques obtenus sont encore trop élevés 


pour correspondre aux conditions mesurées en mer. Si les albatros tirent aussi parti 


d’interactions de surface plus complexes que celles modélisées, il apparait difficile pour 
un drone de piloter son vol en proche surface, au sein d’un environnement hautement 
turbulent. En revanche, une option peut étre d’exploiter justement ces turbulences, a la 
maniére du gust soaring, le long des trajectoires de dynamic soaring. Les simulations 
destinées a reproduire ces conditions devront probablement approcher un modele de 
véhicule plus complexe que celui de masse ponctuelle, au vu de la faible échelle des 
gradients de vent turbulents. D’autre part, une voie de développement nécessaire 
concerne le pilotage du dynamic soaring. Deux approches peuvent étre suivies, en 
mémorisant des dizaines de cycles de trajectoires, pour différentes conditions, puis en 
sélectionnant celles qui correspondent aux conditions souhaitées. Ou alors en mettant 
en place des lois de contréle qui se basent sur la compréhension physique du dynamic 
soaring. Quel que soit le choix du mode de pilotage, la faisabilité du vol par DS reposera 


sur la capacité du véhicule a voler en proche surface, en présence de vent. 
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Souvent, pour s'amuser, les hommes d'équipage 
Prennent des albatros, vastes oiseaux des mers, 
Qui suivent, indolents compagnons de voyage, 
Le navire glissant sur les gouffres amers. 


A peine les ont-ils déposés sur les planches, 

Que ces rois de l'azur, maladroits et honteux, 
Laissent piteusement leurs grandes ailes blanches 
Comme des avirons trainer a cété d'eux. 


Ce voyageur ailé, comme il est gauche et veule ! 
Lui, naguere si beau, qu'il est comique et laid ! 
L'un agace son bec avec un brile-gueule, 
L'autre mime, en boitant, l'infirme qui volait ! 


Le Poéte est semblable au prince des nuées 
Qui hante la tempéte et se rit de l'archer ; 
Exilé sur le sol au milieu des huées, 


Ses ailes de géant l'empéchent de marcher. 


Charles Baudelaire, L'Albatros, in Les Fleurs du Mal, 1861 
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(CHAPTER [| 


FINDING (,UIDANCE FROM ALBATROSS FLIGHT 


For many years, in the early infancy of aeronautics, human beings have been inspired by birds 
and have tried to mimic some of their features in order to take their first steps into the air. 
However, their theoretical background was sometimes lacking and the empirical field of 
knowledge was built through many hurdles. Since then, aircraft have explored a vast domain of 
flight, pushing boundaries of size, altitude and speed to levels respectively bigger, higher and 
faster than any living bird. Yet, scientific advances in the aeronautical field have not turned 
engineers away from other potential guidance that could be found by looking at nature [1]. In 
the recent-developing field of small Unmanned Aerial Vehicles (UAV), vehicles have been 
reduced in size to dimensions where birds and even insects compare on a 1:1 scale ratio, 
opening new perspectives for the potential of bio-mimicry. Festo’s SmartBird was among the 
first vehicles of that size to master flapping flight with kinematics inspired from birds and a 
design based on the herring gull [2]. Aerovironment’s Nano Hummingbird mimics the high- 
frequency flapping of the bird it is inspired from so as to enable hovering flight [3]. Georgia 
Institute of Technology's Dragonfly is based on the eponymous insect with similar dimensions 
[4]. A general introduction to the area of small UAVs will first be presented, which will lead to 
developments on the issue of long endurance flight, and then some of the explored solutions 
will be presented. An alternative that addresses this issue will be emphasized by shedding light 
on a peculiar biological system represented by the albatross genus. Finally the main features of 
their flight technique, called dynamic soaring, will be provided. Dynamic soaring will be 


referred to as DS in the remaining of this thesis 
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I.1 The UAV Context 


UAVs date from the early hours of aviation and have been developed alongside their manned 
siblings in order to address three specific aspects of flight: “dirty”, “dull” and “dangerous”. By 
replacing the human being on board, UAVs can be used in “dirty” environments, such as 
contaminated areas or high altitude, where preserving human health is a challenge with 
significant associated engineering constraints. Or it can be used in “dangerous” environments, 
such as military conflicts, where the integrity of the vehicle and the life of a potential pilot are 
deliberately put at risk to perform a mission. On top of that, “dull” missions, such as 
surveillance and monitoring, where the presence of a human being is not required, can be 
performed by UAVs. Often, a UAV is developed to combine several of those aspects. For 
instance, the Northrop X-47B, which recently achieved the first autonomous landing on an 
aircraft carrier [5], is a large UAV of several tons, with a fighter-type profile. It prefigures a 
generation of UAVs that will be exposed to obvious dangerous environments while taking 
advantage of the absence of a human being on board to achieve higher levels of stealth, 
aerodynamics and situation awareness. Another example is the development of high-altitude 
solar-powered Titan UAVs [6], which will stay aloft for up to five years to provide 
communication coverage and hence perform a satellite-like mission anywhere around the 
globe, whilst having the flexibility and cost of an aircraft. Not only is a human presence not 
needed for the job, but it would jeopardize any chance of mission feasibility by significantly 
increasing the mass of the ultra-lightweight airframe and by requiring regular stops to avoid 
pilot exhaustion. To that respect, it is somehow ironic that for the challenge set by Solar 
Impulse [7] of flying around the world on solar power, many technical hurdles and performance 
limitations are entailed by the presence of a human on board, which is more symbolic than 


necessary. 


The domain of small-sized UAVs, which are designed for much lower loads than 
manned-airframes, has seen a significant boost in recent years thanks to the miniaturization of 
technology, the development of lightweight materials and the progressive development of 
artificial intelligence. Once the pilot is removed, all size constraints related to the presence of a 
human being on board can be withdrawn and UAVs can be downsized to a scale which best 
suits their requirements. They address a potentially vast scope of mission scenarii. Advantages 
are numerous, such as providing a constrained volume of flight for indoor applications, 
reducing overall costs, or lowering the environmental impact. However, in the domain of 


small-sized UAVs, the limited mass and volume significantly challenge energy storage options. 
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Besides, those vehicles usually fly at rather low Reynolds numbers which are characteristic of a 
degraded aerodynamic efficiency. This leads to significant endurance limitations while, in fact, 
long-endurance is acknowledged to be a key factor of UAV utility [8]. In other words, without 
any pilot on board, endurance is only limited by the amount of available energy, which is part 


of the appeal for UAVs, but small vehicles are still faced with low endurance constraints. 


Innovative approaches are therefore sought in order to address that conundrum. 





Figure 1.1: Jon Tiger, a fuel-cell-powered, 5.15 metres- Figure 1.2: Photovoltaic panels installed as a 
wingspan, which sustained flight for 48 hours in April laser receiver unit under the right wing of 
2013 [9] using liquid hydrogen. the 3 metres-wingspan Lockheed Stalker. 


One plan of attack concerns the on board electric energy supply chain and looks at 
new technical solutions as for energy storage that departs from the traditional battery power 
source. Research on fuel-cell propulsion for long endurance UAVs is particularly active since 
their high energy density has the potential to dramatically extend endurance [9]. Fuel-cells take 
advantage of the high specific energy of hydrogen fuel, which can be stored under high 
pressure in a specific vessel or in its liquid form to benefit from an even higher energy per unit 
volume [10]. Recently, the Jon Tiger, pictured in Fig. I.1, performed a flight of 48 hours using 
only 500 grams of liquefied hydrogen to feed its fuel-cell [11]. However, although fuel-cells 
provide high specific energy together with high power, their size and volume can only be 
constrained to a limited level. On Jon Tiger, the fuel-cell system only (fuel cell, fuel tank, 
regulator, cooling) weights 5.5 kg without either fuel or propulsion system [9]. Moreover, the 
need for heat transfer area increases the size of the fuselage, leading to increasing parasitic 
drag. In order to achieve a maximum lift to drag ratio of 17, Ion Tiger has a wingspan of up to 
5.15 metres, for a practical payload of 2.3 kg and an overall mass of 16 kg. Further advances are 


required to benefit from the high efficiency of fuel-cell propulsion on smaller scale vehicles. 


Another approach to cope with energy storage constraints is to leave the power 


supply on the ground and to establish a transmitting power link between the ground and the 
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station. That has been achieved recently with the Lockheed Stalker, seen in Fig. 1.2, by using a 
laser as an illuminating power source beamed to photovoltaic cells on the UAV [12]. As long as 
the vehicle remains in line of sight of the ground platform, it can benefit from a charge in mid- 
air to cope with power requirement in-flight [13]. On top of enabling a virtually unlimited 
endurance, the high energy density of the laser can enlarge the performance envelope of the 
vehicle, such as increased payload or higher airspeed, by allowing higher power requirements. 
It has been underlined that this technology could multiply the power received by an otherwise 
similar solar-powered UAV by a factor ranging from 2 to 10, depending on the technology used 
for laser and photovoltaic cells, with more consistent charge availability [14]. However, the 
efficiency of the power transmission is rather low and suffers from dependence on cloud 
coverage. The theoretical beamed-power is also limited by the heating of the illuminated 
surface of the receiver on the UAV, due to the high energy density of the laser. Besides, the 
ground station must be equipped with accurate fully-automated tracking to target only the 
laser receiver area of the UAV. Moreover, the laser-powered UAV is limited to areas where it is 
at range of a ground station, which itself must have abundant power resources, even though 
the transmission can be intermittent. Hence, the virtually unlimited endurance does not 
translate much into improved vehicle range but rather enables to keep the UAV aloft without 


the need for landing and take-off. 


One different option for improving endurance is to seek energy from the surrounding 
environment. Studies about long endurance vehicles have mainly focused on using solar power 
to maintain a vehicle aloft. Prototypes began in the seventies with flights durations under 30 
minutes [15]. With developments in lightweight materials and of photovoltaic cells, vehicles 
have started to benefit from solar power in excess of their minimum requirements, therefore 
unlocking the potential to overcome periods of sun shortage of increasing lengths. This trend 
finally opened the way for solar-powered flights all around the clock. The shortage of solar 
exposition during the night is balanced by the excess of power received throughout daylight 
that is stored into potential energy and battery charge [16]. The Qinetiq Zephyr, a 30 kg, 18- 
metres-wingspan-solar-powered UAV, displayed in Fig. I.3, paved the way by performing a 
two-week-long flight in 2010, setting the absolute record for flight duration by a winged vehicle 
heavier than air [17]. Up-scaled ongoing projects, such as Titan Solara or Boeing Solar Eagle aim 
at demonstrating and exploiting solar-powered perpetual flights, with the latest claiming a five- 
year-duration objective. However, those projects are among the largest UAVs and cannot be 
quite representative of the small UAV class. Indeed, those vehicles have low wing loadings and 


are designed for altitudes above 50,000 ft. Smaller UAVs, destined to fly in the lower 
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atmosphere, do not abide by the same constraints. Still, Aerovironment derived a solar-powered 
version of its Puma UAV, see Fig. 1.4, which sustained flight for 9 hours in August 2013 [18]. 
This range of performance, for such small-typed UAV, is however highly dependent on the 


daily sun coverage. 





Figure 1.3: Qinetig Zephyr, a solar-powered, 18 Figure 1.4: Aerovironment Puma AE, a solar- 
metres-wingspan-UAV, which sustained flight for | powered, 2.8-metres-wingspan, which sustained 
two weeks in July 2010. flight for up to 9 hours in August 2013. 


Solar array is not the only exploitable energy source in the direct environment of 
UAVs. Indeed, aerology mechanisms in the lower atmosphere, induced by local or global 
difference in temperature, entail movements of air of different scale and represent a vast source 
of energy. This alternative largely remains to be explored in the domain of UAVs, all the more 
as their eventual smaller mass may allow them to benefit from atmospheric phenomena of 
smaller scale compared with manned-gliders. For instance, some of these convective 
mechanisms are called thermals and occur when pockets of air near the ground become less 
dense, due to either heating or humidity change [19]. The challenge consists in finding a way to 
exploit it without compromising the mission scenario, since convective mechanisms directly 
affect the kinematics of any vehicle, all the more if those are of little mass. Some birds of prey 
take advantage of thermals by flying into those pockets of rising air and increasing their 
altitude, hence increasing their total energy, without flapping their wings [20]. Their 
subsequent elevated position, combined with a sharp sight, enables them to spot their prey and 
to gain the necessary speed to catch them off-guard. This technique of flight is called thermal 
soaring and has been investigated [21] and demonstrated to be practically feasible for a UAV by 
Allen in 2007 [19]. In this study, a 4.30 metres-wingspan, 6.8 kilograms-weight, Cloud Swift 
UAV is modified in order to detect and exploit thermals. Flight tests have attested that 
autonomous soaring was possible and multiple thermals were used to achieve a flight time of 
one hour. The wind can also be deflected upwards on the windward side of a ridge or a slope, 


where it would be possible to perform slope soaring by flying inside the area of rising air. 
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Those above techniques can be qualified by a broader term, as static soaring, which 
expresses the fact that a static regime of flight enables a steady increase in energy. The bird or 
the vehicle can therefore, in theory, continuously extract energy by flying steadily in the 


appropriate zone of rising air. 


However, another type of flight, more subtle, has yet again emerged by looking at 
nature. It is the main focus of the present research work and is inspired by the flight of 


albatrosses. 
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I.2 The Albatross Legacy 


Albatrosses have been at the origin of the discovery and understanding of DS flight technique. 
To this day, they remain the only ones to sustainably exploit DS flight over open ocean 
surfaces. Besides, the lack of experimental data on DS makes their study all the more critical. 
Albatross genuses form a family of fascinating birds, with peculiar behaviours, which have led 
to wide biological research over past decades. In the framework of this research, an extensive 
review of these contributions is achieved in order to retrieve potential inputs to DS knowledge 


within the biological scope of albatross flight. 





Figure I.5: Wandering Albatross (Diomedea Exulans) in flight close to the surface. Copyrights Kimball 
Chen, www.keaphotography.org 


1.2.1. Morphology Characteristics 


Albatrosses are among the biggest birds on the planet. One gender in particular, the 
Wandering Albatross (Diomedea Exulans), see Fig. 1.5 and Fig. I.6, has been recorded with a 
weight of 12.7 kg and the maximum wingspan at 3.7 metres [22]. Most individuals would weigh 
from 7 kg to 10 kg [23, 24], with mean weights estimated, at Crozet Islands, around 7.84 kg for 
the female and at 9.44 kg for the male [24]. As for the wingspan, the sexual dimorphism is less 
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pronounced with mean values of 2.99 metres for the female and 3.11 metres for the male [24]. 


Table I-1 sums up other mean values, adapted from Schaffer et al. [24]. 


Table I-1: Mean characteristics of Wandering Albatross, measured on Crozet Islands in 
1999, adapted from Shaffer et al. [24]. 


Parameter Female (mean) Male (mean) 
mass (kg) 7.84 9.44 
span (m) 2.99 3.14 
Wing area (m’) 0.586 0.626 
Wing loading (N/m’) 132 148 
Mean wing chord (m) 0.196 0.201 
Aspect Ratio 15.3 15.5 
Wandering Albatross 
3m 








60 cm 


oa 


Figure I.6: Planform of Wandering Albatross, compared on the same scale with that of a common pigeon. 
Adapted from Pennycuick [23]. 





One of the first striking features of albatross morphology is their long and slender 
wings, with the highest aspect ratio of any other living bird [23, 25]. For the sake of 
comparison, vultures are other remarkable soaring birds, but have an estimated aspect ratio 
around 6.9 [26], less than half of those of albatrosses. Another peculiar aspect of the anatomy of 


albatrosses is their subsequent high wing loading, see Table I-1, which is also significantly 
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higher than those of vultures, with a mean wing loading estimated at 76.5 N/m’ [26]. Such a 
heavy-loaded, high-aspect-ratio-wing trivially entails a high bending moment at the base of the 
wing, which requires significant force in order to maintain wings level or even to flap. This 
concurs with all observations that albatrosses do not sustain flapping flight, apart from rare 
take-off and landings [23, 27, 28, 29]. Besides, Pennycuick [23] observed that when fully 
extended, wings of albatrosses have a lock that prevents it to raise above the horizontal and 
level position. This materialized following dissections by the presence of a tendon which can 
maintain tension indefinitely at no metabolic cost [25, 23]. Hence, it allows albatrosses to 
sustain wings level at no energy expenditure, for any load factor within their structural limits. 
It can be concluded that the morphology of albatrosses is particularly adapted to gliding flight 
with a tolerance to high load factors, enabling them to cope with soaring flight within a windy 
and turbulent environment. Besides, their wing loadings and wing aspect ratio suggest high 
flying airspeeds and superior lift-to-drag ratio. Pennycuick calculates for the Wandering 


Albatross, using its software Flight [25], a best glide ratio of 21.2 at an airspeed of 16 ms. 


[1.2.2 Travelling Performances & Sensitivity to Wind 


Nothing much was known about their behaviour at sea until a breakthrough study 
was published in 1990 [30], following the first satellite-tracking campaign of wandering 
albatrosses. It shows that foraging specimens performed trips of several thousand kilometres 
out of the breeding site in Crozet Islands, the maximum standing out at 15 000 kilometres. It 
also highlights travelling speeds up to 80 km.h”" and daily speeds up to 936 km/day for the 
Wandering Albatross. This study revealed travelling performances that were far greater than the 
highest estimates at the time. Those flight performances were later confirmed by Prince et al. 
[31] from South Georgia and by Weimerskirch et al. [32, 33]. More recent tracking studies 
conducted by Croxall et al. [34] were focused on year-round behaviour, outside of the breeding 
phase of albatrosses. It shows that some specimens achieved a complete circumnavigation of 
the southern ocean, the fastest in just 46 days. By analysing travelling performances over three 
sub-segments of those circumnavigations, where averages up to 950 kilometres per day were 
achieved for periods up to 13 days, authors suggest that the round-the-world journey could be 
completed in 30 days. Subsequent data are summed up in Table I-2. Those indicate that 
albatrosses are able to sustain net travelling speeds, that is to say ground speeds averaged over 
large-scale movements, around 55 km.h” over distances up to 800 kilometres. Those travelling 
speeds could reach up to 85 km.h" over shorter distances while maximum ground speeds have 


been recorded at 135 km.h”, during a specific high-frequency GPS-tracking study [33]. 
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Table I-2: Summary of findings from satellite tracking studies of foraging wandering 
albatrosses, adapted from [30, 31, 32, 33, 34]. 








; Average Mean net Max 
Mean trip Mean trip dij 
istance ground ground Average 
duration length d d d 
(days) (km) per day spee spee GPS rate 
Reference (km) (km/h) (km/h) 
Jouventin et al., 11.8 GPS 
1990, [30] 24.4 8045 313 54.6 81.2 locations 
per day 
Prince et al., 15 GPS 
1992, [31] 6.9 4646 675 re 88.1 locations 
per day 
Weimerskirch et ‘ Every 90 
al., 1993, [32] 11.6 6091 925 21.8 N.A. P 
Weimerskirch et 
al., 2002, [33] N.A. N.A. N.A. 94.5 135 Every 1s 
Croxall et al. Twice a 
. T 
2005, [34]** 9.9 8718 872 36.3 N.A. day 


“Mean net ground speeds were simply averaged over the whole foraging trip, hence taking into 
account periods when birds are sitting on the water. Besides, foraging trips were closed loops, 
so those speeds are representative of travelling performances over a closed circuit. Other net 
speeds are calculated between two specific landings, along an open segment of travel, 
regardless of the direction of travel. 


““Tagged specimens were gray-headed albatrosses and trips were open-loops. 


‘Speed averaged over the whole mean duration. 


Another common conclusion between those studies is the correlation between 
albatross travelling performances and wind speed. It was estimated that such travelling 
performances were energetically impossible for albatrosses to reach in the absence of wind [29, 
35]. Besides, it was measured that albatrosses usually spent most of their time aloft, with only 
short stops on the water [30], but that high-pressure weather systems, with their associated 
absence of winds, were grounding albatross on the water for much longer periods until 
stronger winds reappeared [30]. On a global scale, both Fig. I.7 and Fig. I.8 highlight the explicit 
correlation between albatross and wind distributions. Albatross species are endemic to remote 
islands such as Crozet, Kerguelen, South Georgia....Their wide distribution, exposed in Fig I.7, is 
therefore only the result of singular travel abilities, as underlined before, which carries them 
over all longitudes. However their presence is strictly out of tropical latitudes, with the only 


exception being the Chatam Albatross seen in orange on Fig. I.7. Albatross species are reported 
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in every zone of average wind velocity above 9 m.s’, but north Atlantic, and reciprocally very 


little albatross presence is seen outside of those areas. 
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Figure I.7: Satellite tracking locations of albatrosses and petrels, reproduced with permission from 
Birdlife International [36]. All coloured-locations represent albatross species, the Wandering Albatross is 
pictured in bright red. 
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Figure 1.8: Estimate of wind velocity (m.s) at 50m, average over a 10-year period [37]. These data were 


obtained from the NASA Langley Research Center Atmospheric Science Data Center Surface 
meteorological and Solar Energy (SSE) web portal supported by the NASA LaRC POWER Project. 





Zones of strong winds are very much delimited by certain latitudes, pictured in Fig. 1.8, 
where prevailing winds are west-to-east currents, called the westerlies. Those are the strongest 
in the southern hemisphere, within the -40°,-50°,-60° latitudes [38], referred to as the Roaring 


Forties, Furious Fifties, Screaming Sixties. 
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Although the wind strength cannot explain in itself the distribution of albatrosses, it 
reinforces the assertion that albatrosses use a wind-related phenomenon to propel themselves 
effortlessly around the globe. More precisely, it was measured that albatrosses rarely sustain 
flight for winds under 8 m.s’ [39], that small albatrosses species are never observed gliding 
below 5 m.s’ [28] and that the distribution of wandering albatrosses is limited to areas where 
the average annual wind speed exceeds 7.5 m.s” [38], which is very much consistent with what 
can be observed from Fig. I.7 and Fig. I.8. Weimerskirch et al. [38] even describe how a shift in 
wind patterns over the last 20 years affected the distribution and the average mass of 
wandering albatrosses. Moreover, traveling performances of albatrosses have been measured to 
be intrinsically correlated with wind strength [29, 38]. Weimerskirch et al. [38] show indeed a 
correlation between the evolution of average travelling speeds of albatrosses and mean wind 
strength at Crozet Islands over the past 20 years, seen in Fig. I.9. Although data do not permit 
to establish a one-to-one correspondence, the year 2010 appears to confirm a dependence of 


travelling performances of albatrosses on wind strength. 
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Figure I.9: Evolution of mean wind strength at Crozet Islands over years 1990-2010 (top) and the 
associate evolution of travelling performances of female wandering albatrosses (bottom). Adapted from 
Weimerskirch et al. [38], reprinted with permission from AAAS. 


Further refinements about the flight technique of albatrosses can be learnt by getting a 
closer look at the way birds and wind currents interact. To start with, albatrosses have almost 
never been recorded to fly routes directly against the wind [30, 38, 35, 29, 32]. In particular, out 


of the 15 round-the-world journeys tracked by Croxall et al. [34], all were performed eastward, 
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in the direction of prevailing winds. This result seems somehow intuitive as the mass of air 
would have an overall tendency to carry the albatross throughout its displacement. Yet, travel 
directions of albatrosses show a predominant tendency to have a sidewind component [30, 29, 
35, 38]. That is to say that albatrosses rarely fly leeward either, directly with the wind, but 


rather show a travel direction tilted with respect to the wind direction, as seen in Fig. I.11. 
| Wind 
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Figure I.10 (above): Definition of an 
azimuth angle w between the albatross 
travel direction and the direction from 
which the wind is coming. 


Figure I.11 (right): Speed and direction of 
travel of albatrosses, with the wind 
direction, obtained by radar tracking. 
Adapted from Alerstam et al. [29]. 





The azimuth angle between the albatross travel direction and wind origin is defined in Fig. 1.10. 
Jouventin et al. [30] estimates that 40 % of the time, albatrosses fly at an angle w between 112.5° 
and 157.5°during the outward journey and that 90 % of the time, w is between 67.5°and 180°. 
Quite identically, Weimerskirch et al. [35] estimates that 35 % of the time, wis between 120° 
and 150° and that the ratio goes up to 80 % between 90° and 180°. Results from Alertsam et al. 
[29] are mapped on Fig. I.11 and plot the y-distribution and the travelling speed related to the 
mean wind strength. It shows that the stronger the wind is, the higher both the average W and 
the travelling speed are. It hence highlights the tendency of the mean travel direction to shift 
leeward when the wind increases and the way travelling performances improve with the wind 
strength. Furthermore, although the sample size is rather reduced and precise values of wind 


strength are unknown, the speed of travel appears to be maximum for values of w close to 140°. 


It can be observed that for winds above 13 m.s’, no albatross was seen to progress against the 
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wind, which partly explains why circumnavigations recorded by Croxall et al. [34] were all 
achieved in the direction of prevailing winds. The travel direction should have a symmetrical 
distribution with respect to the wind direction. Indeed, albatrosses should behave indifferently 
whether the wind is coming from their left or their right. In most of studies, values of w are 
spread between 0° and 180°, without even mentioning if the wind comes from port or starboard 
with respect to the bird. The unsymmetrical distribution found by Alertsam et al. in Fig. I.11 
could be explained by a behavioural preference for certain routes in the area where the study 


was conducted. 


Those observations however question how those birds then manage to perform closed 
loops from their colonies. They manage to come back to their breeding site after thousand- 
kilometres—long-foraging trips, within an area where west-to-east winds significantly prevail 
[38], while it has been evidenced that their ability to go against the wind is very much limited. 
The Figure 1.12 has more about their overall flight strategies: two albatrosses were tracked 
leaving Crozet Islands at the same time, on the same day. The simultaneity of tracks is 
particularly interesting as it reveals the flight strategies of two specimens exposed to identical 


wind conditions. 
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Figure 1.12: Simultaneous trips of two males from Crozet Islands. Numbers indicates the successive 
counts of midnight locations. Reproduced with permission from Weimerskirch et al. [32]. 


It can be observed that although the two birds are most of the time over 50 kilometres apart, 
their overall trajectories follow very similar patterns over time. Moreover, changes in travel 


headings are correlated with changes in wind direction. First, this confirms that albatross 
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movements are intrinsically correlated with wind conditions. Then, it also concurs that 
albatross fly with the wind coming from their back and on their side the majority of the time. 
The azimuth angle defined in Fig. I.10 can be estimated to vary between 90° and 150° with the 
wind coming from either side of the birds. Still, for periods up to several days, birds were flying 
with the wind coming from only one side, which could explain asymmetries in measurements 
made by Alerstam et al. [29] on Fig. 1.11. Furthermore, most of the time, the angle between 
wind and travel heading is close to 120°. This is especially explicit on the second leg and the 
fourth leg of the trip and quite consistent too, as large scale movements are very much straight 
lines with a constant heading with respect to the wind. Moreover, it shows that birds are able 
to perform a closed loop while the zonal wind, ie the component of the wind along the west- 
east direction, is always directed from east to west, as it is typically the case within those 
latitudes [38]. The flight strategy takes advantage of changes in the north-south component of 
the wind, also called the meridional wind. Indeed, those shifts enable birds to change their 
travel headings and to progress westwards, even though the zonal wind is constantly directed 


eastwards. 


Up to 90 % of the time, the northern loop from Crozet Islands has been recorded to be 
anti-clockwise [35], just like the two examples pictured in Fig. 1.12. Similarly, the southern loop 
is performed clockwise 90 % of the time. This reveals that the significant travel performances of 
albatrosses are possible thanks to predictable overall wind patterns over latitudes around the 


colony, which is confirmed by Fig. 1.13. 
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Figure I.13: Distribution of the Wandering Albatross with respect to mean wind strength and direction. 
From Weimerskirch et al. [38], reprinted with permission from AAAS. 


The distribution of albatrosses, depicted in Fig. 1.13, depicts that the maximum is trivially 


located on the colony, but local peaks can be observed at the very same latitudes which see 
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changes in mean wind directions, for both zonal and meridional components. One is 
particularly marked, for females, north of the colony, around 38° south. This latitude 
corresponds to change in mean zonal wind from eastward to westward and in meridional wind 
from southward to northward. Such changes have been demonstrated to be necessary for 
albatrosses to alter their travel headings. The local peak in albatross presence at this latitude 
can therefore be interpreted as the average upper edge of the northern loop they perform, 
where they would change heading. This is consistent with loops displayed in Fig. 1.12. This area 
is by definition more prone to uncertainties regarding the wind direction, as mean values are 
close to zero, which would locally affect travel performances and explain the increase in 
albatross presence. Again, Fig. I.12 is very much consistent with this interpretation as birds 
spent two successive nights, number 4 and 5, in this area before starting their journey back to 
the colony. It can be assumed that the duration of foraging trips, which is directly correlated to 


the speed of travel, varies depending whether mean wind predictions are met or not. 


1.2.3 Flight Behaviour and Energetics 


Figure 1.13 contains another valuable piece of information. It depicts that the 
distribution is quite uneven regarding males and females and a closer look show that females 
tend to prefer areas of lower wind strength, while males seem to favour higher winds. This is 
very much relative, as females travel areas where the mean wind speed is over 7 m.s’. One 
explanation to it could be the sexual dimorphism observed for the Wandering Albatross [24]. 
Indeed, as summed up in Table I-1, males have a wing loading that is on average 12 % higher 
than that of females. It results in an aerodynamic polar shifted towards higher airspeeds, which 
translates into a best-glide efficiency at a higher airspeed and a faster minimal sink rate [40]. It 
means that males could favour higher winds, where they could extract the higher energy they 
require to sustain aloft while also optimizing gliding flight at higher airspeeds which are 
characteristics to windier conditions [24, 35]. Inversely, females could take advantage of lighter 


wind conditions. 


This trend can been generalized for different albatross species, where wing loadings 
can vary up to 60 % [39]. Suryan et al. [39] specifically focus on specific albatross subspecies, 
including two with peculiar wing loadings with respect to their body size. The Waved Albatross 
is the only albatross located in the tropics, on Galapagos Islands and has a rather low wing 
loading of around 90 N/m’. The Short-tailed Albatross is the largest albatross species in the 
north hemisphere and has a wing loading of around 130 N/m’. It was measured that the Short- 


tailed Albatross, was the only species to travel long distances under windier conditions 
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compared to their short-range movements. The lighter Waved Albatross did not appear affected 
by such a disparity and was the species which sustained flight for the lowest wind strength, 
around 6 ms. Besides, it was also the only albatross to apparently fly in any heading 
disregarding of the wind direction. On the contrary, the heavier Waved Albatross were most of 
the time flying in the general direction of the wind. Hence the flight technique used by 
albatrosses seems to associate a higher wing loading to a greater dependence on the required 


wind strength as well as to a stronger bound between wind and flight direction. 


In order to fully understand the energetics involved in the flight strategy of 
albatrosses, it is important to somehow measure their energy expenditure in flight. It is 
assumed to be rather low since albatrosses mainly glide without flapping of their wings and do 
not exert power to maintain their wings level thanks to a specific tendon. Besides, the eating 
frequency of albatrosses is rather low, as they feed from rare floating preys only, with on 
average one prey every 100 kilometres [32]. Pennycuick [23] assumed that albatrosses in flight 
consumed twice their basal metabolic power, and estimated that they could fly 936 kilometres 
while consuming fat equivalent to 1 % of their body mass. As a matter of comparison, a small 
petrel would stand at 38.8 kilometres. Weimerskirch et al. [35] explores further the problematic 
of in-flight energy expenditure, in particular in relation to wind conditions, by measuring the 


heart rate of tracked albatrosses. Average results are presented in Fig. 1.14. 
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Figure I.14: Average heart rates of albatrosses for each activity. Adapted from Weimerskirch et al. [35]. 


The metabolic basal rate is obtained when birds are on their nest; the average is slightly above 


60 b.p.m (beats per minute). The biggest power requirement comes during take-off with an 
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averaged heart rate that peaks close to 130 b.p.m.. During this phase, which typically occurs 15 
times per day [35], albatrosses not only have to flap their wings but also to gain speed, quite 
similarly to an aircraft, in order to generate sufficient lift. It reinforces the assertion that 
albatrosses are not adapted to frequent landings and take-offs. The heart rate decreases 
progressively for long periods up to several hours after take-off to reach an average value 
slightly above 95 b.p.m., which is only 50 % higher than the basal metabolic rate, showing that 
the assumption from Pennycuick of twice the basal rate was rather conservative. In-flight 
power requirements are actually significantly lower than when walking on the ground. This 
emphasizes the peculiarity of their flight technique energy-wise. The longer albatrosses are 
airborne, the wider is the range of measured heart rates, as seen in Fig. 1.14. We understand it 
as an increasing dependence on flight conditions, such as the travel heading with respect to the 
wind direction, which have a higher probability to change for extended flights. This is 
somehow corroborated by the analysis of the evolution of average heart rate with relative 


travel heading, as displayed in Fig. [.15. 
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Figure I.15: Heart rates varied according to the angle between the wind direction and the flight direction. 
Adapted from Weimerskirch et al. [35]. 


Hearts rates and therefore power requirements are the highest when birds are facing 
the wind, which happens less than 5 % of the time. Then, heart rates decrease regularly when 
the flight heading shift windward. The overall average of 90 b.p.m. indicates that most of the 
time, birds are within 90° to 180° with respect to the wind incoming direction. However, given 
the assumption that albatrosses do not sustain flapping flight, whatever the relative flight 
heading is, it is a priori rather difficult to interpret the slight but clear evolution of power 


consumption in the 90° to 180° range. This concludes on the fact that their flight technique is 
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optimized for a delimited range of travelling angles with respect of the wind. Outside of that 


range, not only flight speeds decrease, but power requirements surge. 


Further contributions to the knowledge of albatross flight technique is based on 
observations or on high-frequency, small scale tracking, which in their vast majority are only 
two dimensional in the horizontal plane. Still, it could be both recorded and observed that on a 
small scale, albatross movements are rather intricate, with turns, descents and pull-ups [32, 23, 
29]. One metric which is representative to this sinuous path is the straightness ratio, which is 
obtained by dividing the straight-line distance over large scale movements by the actual 
distance covered. Data however usually only take horizontal distance covered. For albatrosses, 
straightness ratio is probably dependent on wind conditions, and estimates are between 0.7 [23] 
and 0.9 [29]. A 0.7 value for the straightness ratio means that albatrosses fly an actual distance 
50 % higher than the straight-line distance they travel. In terms of variation in height, 
albatrosses have never been observed higher than 30 metres [23, 41, 42, 43, 44], where the 
average maximum height should be between 10 metres and 15 metres. A rather recent high- 
frequency acquisition campaigned by Sachs et al. [44] could obtain accurate measurements of 
the Wandering Albatross in flight. A typical trajectory is pictured on Fig. 1.16, using sampling 
rates of 10 Hertz. 





Figure 1.16: Small-scale movements recorded by Sachs et al. on a Wandering Albatross gliding under 
windy conditions. Wind is 11.2 m.s at 10 metres, the direction is shown by the arrow. From Sachs et al. 
[44], reproduced with permission from Journal of Experimental Biology. 


The albatross trajectory appears to combine repetitive cycles of similar aspects, which 


themselves are composed of pull-ups, turns and descents. The low straightness ratio of the 
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albatross flight path mentioned in earlier observations is confirmed and well pictured in Fig 
I.16. Those small-scale movements are summed into medium-scale movements which indicate a 
clear flight heading. It appears, from measurements by Sachs et al. [44] , that the more birds are 
progressing against the wind, the more intricate the flight path becomes and the lower the 


straightness ratio is. 


Albatrosses indeed seem to take advantage of various flight techniques. Some 
observations and measurements witness cases where albatrosses were seen gliding in zero 
wind, taking advantage of propagating swell waves [23]. Authors suggest various theories to 
explain the flight of albatrosses. A majority refer to dynamic soaring, which exploits the 
vertical variation in horizontal winds, due to the boundary layer effect entailed by the air-sea 
interface. This technique was unknown before the flight of albatrosses was investigated. Others 
suggest wave soaring or slope soaring on waves, where waves play a significant role in 
disturbing the wind field close to the surface. Pennycuick has long held the view that 
albatrosses used gust soaring, where birds would exploit the separation of boundary layer 
leeward of waves to benefit from sharp local increases in wind strength, referred as gusts. 
Finally, Richardson actually supports that those theories are not mutually exclusive and that 


albatrosses probably take advantages of a combination of all those techniques. 


1.2.4 Summary of Inputs from the Biological World 


The general anatomy of albatrosses outlines an aspect ratio around 15, which is 
exceptionally high for a bird and makes them resemble small fixed-wing gliders. Their 
morphology suggests they are unsuitable to flapping flight, which is confirmed by all 
observations, but rather optimized for fast gliding flight. 


It is indeed established that they regularly travel thousands of kilometres with 
travelling speeds that can top 900 kilometres per day. Those performances are intrinsically 
correlated to wind strength, as albatrosses would not even be able to sustain flight in the 
absence of it. It explains their geographical distribution within south latitudes, where the 
strongest winds on earth blow predominantly from west to east at average speeds that can top 


10 ms”. 


Their travel heading can be observed to be very much dependent on wind direction, 
with an angle between the two such that they usually perform best with the wind coming from 
their back with a side component. Their ability to go against the wind is very limited and rarely 


used. It has been evidenced that it comes at a greater energy expense and that it results in 
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drastically reduced speeds of travel. They still manage to come back to their departure point 
while sustaining rather high speeds. To achieve that, it has been demonstrated that they have 
developed a large-scale strategy which takes advantage of predictable wind patterns. Changes 
in zonal wind direction (north-south component) are sufficient to enable them to alter their 


travel heading and to close the loop back to the colony. 


There are strong indications that there is an interrelation between their wing loadings 
and the wind strength they exploit. To that respect, albatross species of lower wing loadings 
are seen in lighter wind areas and it is supported that the sexual dimorphism in wandering 


albatrosses explains the different distribution between males and female. 


Their own in-flight energy expenditure was measured to be very low, not much higher 
than their basal rate. On the other hand, their performances of travel are theoretically high- 
demanding energy-wise, since albatrosses, as any flying vehicle, are subject to energy losses 
due to drag. This contrast emphasizes an inherent energy-extraction process and raises 


questions regarding the underlying technique they have developed. 


On a small scale, intricate trajectories, far from being straight, have been observed. 
The altitude rarely exceeds 20 metres and albatrosses are most of the time in the nearest 
vicinity of the surface. Although there still lacks a general agreement regarding their energy- 
harvesting strategy, there is a concord on the fact that albatross exploit surface-induced wind 
phenomena. The predominant theory focuses on the most generic of those phenomena, which 
is the boundary layer effect that forms due to air-sea interactions. This technique is called 


dynamic soaring. 


1.2.5 Promising Perspectives 


Years of evolution have created a very adapted biological system which relies on two 
different energy resources: surface food distribution and wind. The practical response is a 
foraging flying technique which renders those two resources compatible. It consists in 
exploiting wind energy in order to fly long distances and therefore statistically increase the 


probability to harvest from scarcely distributed preys. 


No fundamental deadlocks appear to prevent the approach of transposing the flight 
technique of albatrosses to the UAV world. Although albatrosses are a class of their own 
among birds, nothing stands out in terms of their general architecture compared to a fixed 


wing glider planform. Their estimated gliding performances are well within the reach of 
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vehicles of similar size and nothing indicates that it should be otherwise in terms of 
manoeuvrability. The wind resource is evenly distributed over large areas, which suppresses 
the constraint of exploring for a sparse phenomenon of unknown location, as it is the case for 
thermals. As for the large-scale flight strategy, a vehicle would actually hold a strong advantage 
over albatrosses, as it could adapt its route by taking into account weather forecast data. In 
terms of energetics, apart from potential mission requirements, most of the expenditure comes 
from propulsion on a small UAV. Endurance would then only be limited by on board 
energetics. The feasibility for a small UAV to extract energy from the wind, in the same fashion 


as albatrosses, is therefore a promising topic, which requires further investigations. 


I.3 Main features of Dynamic Soaring Flight 


The technique of DS consists in taking advantage of vertical variations in horizontal 
wind, also called vertical wind shear gradient. One way to define DS is trivially by opposing it 


to static soaring, such as thermal soaring or slope soaring. 





Figure 1.17: Schematic 2D display of a dynamic soaring path within the wind shear gradient. 


The latter techniques manage to extract energy at a positive and continuous rate 


through steady flight kinematics. In such cases, the variation in total energy of the vehicle 
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would depend whether it can maintain its air relative sinking speed lower than the rising speed 
of the surrounding mass of air. However, the mechanisms of energy-extraction would remain 
effective, whatever the kinematics of the vehicle is. Practically, it means that a vehicle, no 
matter how it is flown, would benefit from the uplift of the surrounding air as long as the 
vertical motion of it remains upwards. In static soaring, energy-extraction mechanisms are 
hence not correlated to the vehicle kinematics. On the opposite, DS is characterized by an 
energy-extraction which is not steady and that varies to form repetitive cycles composed of 
energy losses and gains. Losses are necessary in order to sustain respective gains and the 


periodicity of the process is ensured if gains and losses balance out along the cycle. 





Figure I.18: Overall aspect of a dynamic soaring trajectory. 


Practically, this translates into periodic dynamic manoeuvers within a zone where 
wind gradients form, as displayed in Figs. I.17 and 1.18. More specifically, in dynamic soaring, 
the bird or vehicle would extract energy from the layer of strong wind and would be able to 
repeat the process by flying back in the zone of weaker wind. This concept can be apprehended 
by considering a ball bouncing on a wall which is moving at a fixed horizontal speed. Each time 
the ball bounces, it gains momentum from the wall, and the same principle applies to the bird 
flying in the zone of strong winds. It means that gains in total energy come through variations 


in inertial speed, as opposed to static soaring, where those gains relate to an increase in height. 
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Besides, variations in inertial speed themselves alter the dynamics of the vehicle during the 


manoeuvre. That is different again different from static soaring. 


To put in a nutshell, some particular trajectories are required through dynamic 
manoeuvres with respect to the wind. Those entail a transfer of energy from the wind to the 
vehicle, which in turn alters the dynamics of the vehicle and influences its trajectory. So the 
mechanisms of energy-harvesting are inherently bound up with the dynamics of the vehicle, 
which is specific to DS. For this reason, the mechanisms that lead to the energy extraction are 
challenging to understand and to model as they are related with other variations of kinetic and 
potential energy along the flight path. It means that flight dynamics and energy-harvesting 
strategy have to be investigated together. 


I.4 Research Question & Objectives 


1.4.1 Research Question 


The context outlined that the research is focused on the use of sustainable energy 
extracted from the wind applied to the flight of small autonomous vehicle. Therefore, one 


wants to know: 


Is it feasible for UAVs to exploit dynamic soaring in the purpose of long duration, or long 


distance autonomous flight? 


1.4.2 Research Areas Breakdown 


In order to fully understand the way the main question would breakdown into 
underlying research questions and then the way research objectives would be structured, some 
specified self-contained research areas can be derived quite straightforwardly out of the 


context. 


What would fly? The potential vehicle would have to be compliant with the 
requirements of DS flight. That is the Vehicle Model. 

Where would that vehicle fly? That is the first 30 metres over land or waves, the lower 
atmospheric boundary layer over earth oceans. A model of the wind field at the 
interaction air/sea or air/land would have to be developed. That is the Environment 


Model. 
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How would the vehicle interact with that environment? In other words, the way it is 
going to fly within that boundary layer. The flight path and dynamic parameters would 
have to be investigated. It is the core of that research work and corresponds to the 


Flight Model. 


1.4.3. Underlying Research Questions 


Answering the main research question consists in trying to build up a solution to the 
problem, which would ultimately be the only way to prove the feasibility. However, during the 
demonstration, or the construction of the solution, some deadlocks might arise and an 


alternative answer would be to bring out which variables govern the feasibility to exploit DS. 


The main research question breakdowns into three underlying research questions, 


which concerns each of the three models introduced above: 


e = What trajectories would enable energy-harvesting in the framework of DS flight? 

e What is the environment, and the corresponding wind field, required for DS energy- 
extraction and what is the likelihood of favourable conditions? 

e Which vehicle design would be suitable for DS flight and how do general design variables 


govern performances? 


1.4.4 Research Objectives 


The research question is there to support different aims. Their numbering is arbitrary. 


Objective 1_ “Understand”: Get a complete understanding about the energy- 
harvesting mechanisms involved in the DS, applicable to the flight of albatrosses. This objective 
might see underlying challenges arise as it emerges that albatrosses seem to combine different 


processes to extract energy from the wind. 


Objective 2_ “Simulate”: Set up a methodology to simulate the physics of DS flight, 
which would give a practical answer, in terms of trajectories, to a particular mathematical 
problem, given some vehicle and environment models adequately formulated to fit the problem. 
Use those derived optimized trajectories to support the physical understanding assumed for DS. 
Get an understanding of mathematical tools used when writing down the algebraic formulation 


of the problem and of how they influence the output. 
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Objective 3_ “Model”: Understand and model the environment where the vehicle 
would perform; in particular aerodynamics of sea/wind or earth/wind interfaces. Also provide 
models of potential flying vehicles and understand how general design variables influence DS 


performances. 


Objective 4_ “Assess”: Assess potential DS performances for different key variables, 


which may influence the feasibility to exploit DS under realistic conditions. 


1.4.5 Thesis Outline 


In order to address the research question and support the aforementioned objectives, 


the following outline has been selected. 


First of all, the literature background on the topic will be reviewed to draw a sum-up 
of the current state of the art. This will be the objective of Chapter II. Then the understanding 
of DS energy-harvesting strategy would only be approached after modelling the environment 
and the vehicle in order to get to a simulation of DS. Hence Chapter III focuses on building up a 
vehicle model that applies to different UAV designs, and also on building up models of their 
environment, by focusing on a refined earth/wind interaction such as waves. The physics of the 
evolution of the vehicle within its environment is the point of Chapter IV, which then also 
presents a methodology to pilot and optimize this evolution. With simulations of DS flight 
available, Chapter V forms the core of the present work as it focuses on the characteristics of 
DS flight and on understanding the principles of energy-harvesting. Chapter VI goes further by 
conducting a mathematical analysis of EoM and the associated optimization problem in order 
to highlight some key variables about DS flight. Finally, various case scenarios are investigated 
in Chapter VII, by varying key parameters in order to assess how those govern the energy- 
harvesting strategy. It includes the refined case of a powered vehicle, where DS makes sense by 


enabling range improvements. 
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I.5 Summary of Chapter I 





The advance of small scale UAVs opens up for a wide range plenty of potential 
applications, however those may be hampered by range and endurance limitations. Several 
options are being investigated to cope with this conundrum and the state of the art is 
presented. A particular scope is given to techniques which take advantage of the surrounding 
energy available to the vehicle. It bears the advantage of keeping the logistics of flying simple 
and the overall technical solutions rather unchanged. The breakthrough comes from the flight 
management approach, which is adapted to benefit from atmospheric convective inputs. 


Among those techniques, one is inspired by the flight of albatrosses. 


It appears that those big birds are actually quite close, in their morphology, to a small 
gliding UAV. Indeed, their wings have the highest aspect ratio of the living world and are 
locked in deployed position most of the flight. Yet, their flight performances are impressive, 
both in terms of speed of travel and range covered. They take advantage of the wind in a way 
that is not completely understood yet but that enables them to achieve round trips of several 
thousand kilometres out and back at their remote colonies. This peculiar flight, called dynamic 


soaring, associated with promising perspectives, makes it a consistent research subject. 


The main question associated to it concerns the feasibility for a UAV to exploit 
dynamic soaring for the purpose of long endurance, long range flight. Hence this research 
work focuses on understanding the energetics of DS, simulating this type of flight and 


assessing the constraints it implies for the vehicle and its flight. 
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(CHAPTER [| 


BACKGROUND OF WIND ENERGY EXTRACTION 


This Chapter aims at providing a review of the literature of wind energy extraction for 
UAV, with a specific scope on DS contributions. It will enable this present work to benefit from 
previous studies and will help to structure the research in order to focus on required 


contributions to knowledge. 


II.1 Contributions to Knowledge 


Research about flying techniques which extract energy from the wind started in late 
io century with observations of albatrosses from Lord Rayleigh [27]. In 1925, a first analytical 
analysis was undertaken by Idrac [45], in order to underline the fundamental differences 
between static and dynamic soaring. Idrac imagined different trajectories, which are 


reproduced on Fig. II.1, that could take advantage of a vertical gradient in horizontal winds. 





Figure II.1: Various eventual shapes of DS flight path, reprint from Idrac [45]. 


A few numerical approaches were attempted later in 1975 by Wood [46], taking 
advantage for the first time of computer power. Then in 1990, the first satellite tracking 
campaign of albatrosses enlightened the biological community with unexpected flying 
performances from albatrosses [30]. As reported before, further tracking campaigns were 
conducted during the following decade. From late 1990s, the improved knowledge of 
albatrosses performances combined with the emergence of UAVs highlighted the potential of 


DS research. Major publications on the matter appeared from 2000, while certain biologists 
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started to criticize the limited scope of numerical models developed by researchers [41]. Several 
further studies, from different institutions, followed during the decade, while research on 
miniaturized UAVs with autonomous flying capacities started to flourish from 2005. From 2010, 
researchers started to implement in-flight measurement cells on albatrosses with recent 
publications in 2011 and 2013 [43, 44]. Also in 2011, for the first time a publication from an 
oceanographer mentioned and detailed the importance of waves as part of the energy 


extraction mechanism [42]. 


II.2 Literature Background 


II.2.1 Point of view 


The literature available on the subject comes from different authors with different 
backgrounds. Although we are looking at a type of flight which exploits DS, other types of 
potential contributions are reviewed. Indeed, multi-disciplinary aspects of the research involve 


different sciences and give a pretty broad literature background. 


11.2.2 Simulation of Dynamic Soaring 


The first numerical approaches to DS flight appeared in the late 1990s. Sachs et al. 
provided one of the main publications on that matter [47]. His aim is to compute typical 
optimized DS trajectories and to understand the influence of external parameters such as the 
wind strength. Very early in the paper, the author acknowledges some limitations in the 
understanding of the energy extraction phenomenon and proposes to describe his vision of the 
energy extraction mechanism. Sachs therefore suggests a different understanding of the energy 
extraction phenomenon than the classical DS theory, which claims that the wind gradient is 
responsible for providing energy to the bird. He writes down equations of motion in a three 
dimensional reference frame linked to earth, thus inertial. He isolates a point mass vehicle 
within an environment described using a logarithm model for the wind gradient over a flat 
ocean. The aim of his model is to determine energy neutral trajectories using optimization in 
order to minimize the required wind shear strength, although the optimization process is not 
clarified. He therefore provides 3D trajectories corresponding to DS flight, such as the one 
displayed in Fig. II. 2. The UAV is apparently able to maintain a crosswind net heading while 
taking advantage of the wind through a curvy flight path. Sachs provides an energy-point-of- 


view-interpretation: the energy is transferred from the wind to the vehicle during the upper 
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turn, when the vehicle finishes its upwind leg and starts to turn into the wind to start its 


downwind descent, without detailing the underlying mechanisms. 


Wing | 
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Figure II.2: Overall open loop obtained by Sachs et al. [47], reproduced with permission from Ibis. 


Zhao et al. provides a slightly different approach of the same overall problem [48, 49]. 
His aim is to derive trajectories which minimize the average thrust required by the vehicle, 
taking benefits of the wind gradient over the ocean. He also isolates a point mass vehicle but 
this time in the reference frame of the wind, which is not inertial, since the wind increases with 
height. The wind gradient profile chosen is linear, which is again a strong difference compared 
to Sachs. The equations of motions see the apparition of a fictitious force (or inertial force) due 
the non-inertial reference frame. He derives an optimization problem clearly stated out of 
equations of motion, where constraints are derived from vehicle operational limits, surface 
avoidance consideration and periodicity consideration while the objective is to compute critical 
trajectories with minimal wind condition, the same as Sachs et al. He then converts the infinite 
dimensional optimization problem into a parameterized optimization problem using collocation 
techniques and finally solves it using NPSOL software. It is to be noted that he suggests 
tracking variations of energy by computing air frame based energy, i.e. energy calculated 
towards the mass of moving air, which is fundamentally different from Sachs’ earth-based 
energy. With this choice, as the lift is directed perpendicular to the relative airspeed vector, the 
lift does not work and hence does not contribute to the energy variation. He then provides 
results through optimized 3D trajectories for different case study. He concludes that the 


average thrust required for periodic trajectories is lower when the UAV aerodynamic efficiency 
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increases and when the wind strength increases. It is to be noted that the average thrust 
mentioned is positive, which means that an energy contribution from the vehicle is required to 


perform periodic trajectories, which was not the conclusion of Sachs et al. 


Another numerical approach was proposed by Deittert et al. [50], which aims at 
providing clarification about the flight performance and the likelihood of favourable winds. 
Like Zhao et al., he also opts for a point mass model observed from a wind reference point of 
view. The wind model is the same as Sachs’ and he also assumes a flat ocean surface. However, 
he decides to optimize his trajectories with a differential flatness technique which is different 
from Zhao’s collocation. He then validates his results by comparing his critical trajectory 
parameters with the one obtained by Sachs. His results consist in a detailed analysis of how the 
vehicle design variables influence the required minimal wind strength and he provides travel 
performances polar depending on wind strength. Deittert et al. identifies the ability to fly close 
to the surface as a key factor governing DS performance, as the strongest wind gradient is 
located in the first metres above the surface. The author concludes that DS would benefit from 
further research investigating the airflow over water surfaces; including the flow between 
waves and that a higher degree of fidelity would be reached by taking into account a six degree 


of freedom vehicle model. 


Lissaman [51], focuses on the principles of energy-extraction, applies DS to a linear 
wind profile to finally derive some general approximation rules. Lawrance et al. [52] derives 
low-complexity guidance and control algorithms and apply it to the case of a UAV travelling 
with the wind. Sukumar et al. [53] derive DS trajectories over open field and study the effect of 
aircraft properties. Other contributions to the topic include Akhtar et al. [54], Barate et al. [55] 
and Gao et al. [56]. 


11.2.3. Jet Stream 


Dynamic soaring flight could potentially be extended to any environment where wind 
gradient form. Grenestedt et al. investigates the feasibility to fly perpetually in the jet stream, 
where gradients are generated in the upper atmosphere between bands of strong winds [57, 
58]. The author undertakes the same approach as Zhao et al. by deriving air relative equations 
of motion from a point mass vehicle within a linear wind gradient and using collocation 
techniques. His main contribution is to extend the optimization process to the aircraft design, 
where he provides a clear definition of the aircraft model. He then goes another step forward 
by optimizing solar-assisted DS trajectories. Therefore the optimization process takes into 


account control and state variables as well as design parameters assuming solar augmented 
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trajectories. However, the author does not go into much detail regarding the results. The 
resulting trajectory is displayed in Fig. II.3, authors force the vehicle back to its initial position 
such that the flight path is closed. It seems quite similar to a circular flight path in an inclined 
plane performed at high altitude (over 10,000 metres). The overall amplitude of the flight path 
is wider than the trajectory obtained by Sachs, with a vertical amplitude of the order of 80 


metres. 
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Figure II.3: Dynamic Soaring closed-loop within a linear gradient, reproduced with permission from 
Grenestedt et al. [57], © 2011 IEEE. 


11.2.4 DS in hurricanes 


Another environment where strong wind shear from is within hurricanes, and the 
same authors Grenestedt et al. give a go at DS simulation within this peculiar wind field [59]. A 
standard hurricane wind model is chosen, where the wind speed, for a constant height, varies 
with the radius of the hurricane considered. The methodology is otherwise rather equivalent to 
their paper in the Jet Stream [58]. They conclude that the theoretical feasibility to perform DS 
within a hurricane depends on the wind section profile encountered. We see the main 
contribution of this paper as a demonstration that DS can be exploited where any wind 
gradient form. Indeed, whether the wind sees a vertical variation in its horizontal component or 


a horizontal variation of that same component, DS trajectories can potentially be found. 
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11.2.5 DS at Ridges 


Another potential source of wind gradient comes from wind blowing over mountain 
ridges. Richardson provides an analysis of the DS flight performed by RC gliders which enable 
vehicles to reach speeds up to 450 mph without any engine [60, 61]. His contribution consists in 
modelling ridge soaring through a simple Rayleigh cycle, which consists in assuming a circular 
loop trajectory along a plane tilted upward into the wind and crossing a two layer wind shear 
structure. This highly simplistic model still enables the author to compute the overall wind 
strength to vehicle maximal velocity behaviour. He also outlines optimal values for loop 
periodicity thanks to simple analytic calculation from the model. The main advantage of his 
approach is to be able to compare his model with achieved RC gliders flights thanks to 
measurements conducted from the ground (mainly radar speed measurement) He concludes 
that further research would consist in implementing instruments on vehicles in order to get 
more accurate elements of comparison between theory and experiment. Besides, he suggests 


that some numerical modelling would help to refine the flight model. 


II.2.6 Gust Soaring 


Gust soaring cannot quite be considered as classical DS technique. Indeed, the vehicle 
does not perform regular cycles, but rather aims at taking the maximum out of a sudden and 
unpredictable gust. However, it is nonetheless a way to extract energy from a horizontal 
variation in wind, for which the dynamics of the vehicle and the energy extraction are also 
bound up together. The main difference with DS is the time scale and the stochastic nature of 


the problem, which makes it impossible to plan trajectories. 


Patel et al. [62] detail the basic principles of gust-energy extraction in Fig. II.4, in the 
case of vertical gusts. It consists in orientating the lift in the direction of the vertical motion of 
air met by the vehicle, respectively upwards and downwards for an updraft and a downdraft. 
Although authors do not provide a scale length on the figure, those variations, both in time and 
space, are at high frequency, such that conventional pitch control is inappropriate to control 


the lift in such a way. 
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L 


Figure II.4: Fundamental concepts of gust soaring, with the vehicle performing pull-ups within an updraft 
and pulling negative acceleration during downdrafts. Adapted from Patel et al. [62]. 


It is yet probable that albatrosses take advantage of gust soaring along their overall DS 
cycles [41, 42]. Several authors have focused on gust soaring [63, 62, 64, 65]. Lissaman et al. 
concentrated on the general understanding and simulations of the energy-extraction principles 
[63] with a methodology which is rather close to what can be done for DS, while Langelaan et 
al. [64, 65] as well as Patel et al. [62] investigate control laws. Gains were demonstrated to be 


theoretically and practically feasible. 


II.2.7. Practical Aspects 


One of the challenges of DS flight is that inherent dynamic manoeuvres make it 
difficult to comprehend and to analyse from an experimental point of view. Dynamic 
conditions obviously cannot be recreated in a static wind tunnel environment. Some 
publications have focused on the way DS flight could be practically implemented with an 


autonomous vehicle as well as on experimental processes to improve the knowledge of DS 


flight. 


Even before reaching the capabilities to perform DS flight, vehicles would need to gain 
autonomous capacity, including path planning and environment recognition. In the case of DS, 
the knowledge of the wind field is essential and usually assumed to be known in research 
approaches so far. Langelaan suggests a way to estimate the wind field for a small flying 
vehicle [66].The approach utilizes sensors which are already part of a standard autopilot sensor 
suite available on the vehicle and its primary motivation is energy-harvesting perspectives. 
Therefore, hardware only consists of on board GPS, Inertial Measurement Unit (IMU), 


magnetometers, static pressure and dynamic pressure. A flight model associated with sensor 


From Albatross to Long Range UAV Flight by Dynamic Soaring 36 


fusion capacity is used to derivate a wind field estimation algorithm. The author concludes that 
errors in the estimation can be maintained low by increasing the accuracy of airspeeds 
measurements. Simulations are performed with this wind estimation algorithm and a gust 
energy-harvesting controller. It shows that energy-harvesting is still possible using a wind 
estimate and not an implicitly assumed wind field at the cost of greater control actuation, since 


the vehicle is discovering its environment in real time. 


Bower undertakes another approach to bring DS flight closer to practical feasibility 
[67, 68]. He sums up the different enabling technologies required for the practical use of DS for 
a small UAV and he underlines that technology in the field of sensing and communications 
already reached a sufficient level of maturity and miniaturization to be utilized in the purpose 
of his research. He identifies the need for measuring height over the ground in order to control 
the proximity to the waves, without being able to select an appropriate ready-to-use technical 
solution. The author then undertakes the same approach as Zhao et al. by deriving optimized 
solar augmented trajectories for a point mass model of a vehicle within an environment 
simplified to a logarithmic vertical evolution of the wind. The optimization process uses 
collocation techniques and is solved with SNOPT. He finally undertakes a vehicle design trade 
study to analyse trajectory optimization parameter sensitivity about a baseline design. He 
mentions the need for a more realistic environmental model as well as for a refined vehicle 
model with inertias He then concludes that trajectory generation and guidance capabilities are 
major challenges to overcome before DS flight can be performed and underlines that accurate 


estimation of aircraft state and wind field must be developed on the experimental side. 


Rather than recreating DS flight conditions so as to eventually validate the flight 
model, one alternative option is to compare the theory with the biological system which 
initially inspired DS. Sachs intends to prove albatross can make progress against the wind 
using DS, which is one key parameter to the feasibility to perform long endurance flight in any 
direction. Papers [43, 44] sum up the results of the first in-flight measurement campaign 
applied to DS research. The experiment is based on a GPS logger attached on the back of an 
albatross, as seen on Fig. II.5, from which raw data are post-processed with a trajectory 
reconstruction algorithm. This requires liaising with biologists on the field to set up and 
recover the device as-well-as significant logistics to perform such a test at those distant and 


remote locations. 
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Figure II.5: GPS logger attached on the back of an albatross. From Sachs et al. [43]. 


In the meantime, wind parameters were obtained using SeaWinds. Different scenarios 
of strong and weak winds are recorded and resulting trajectories are computed. The author 
then analyses and compares the patterns which show that progress against the wind was 
achieved by the tagged albatross. The bird’s trajectories are clearly different depending 
whether it goes with or against the wind. The wind strength also seems to have an influence on 
the way the bird makes progress. One of the main observations was the use of more 
pronounced tacking manoeuvres, when progressing against a stronger wind. Reconstructed 
altitude time history cycles presented in annex shows that the height reached by the bird is on 
average much lower than predicted on Sachs and Deittert numerical models. It also shows that 
an important part of the time, albatrosses are flying below 2 metres altitude, i.e. in the vicinity 


of waves. 
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II.3 Overview and Critical Summary 





The subject of DS has provided several points of views which seem to lack 
consistency so far. Even with the same and simple environment model, authors still remain 
vague in describing the energy-extraction process in their model. On this matter, Sachs 
underlines that the energy-extraction occurs during the higher turn, without providing further 
details. Zhao highlights that with an air-based point of view, energy is extracted through the 
work of a fictitious force, also called dynamic soaring force by Deittert, when the vehicle 
crosses the region of strongest wind shear, that is to say at low altitude. Lissaman details how 
energy can be locally gained from convective mechanisms via the work provided by the lift, 
without focusing on overall DS flight path, while Patel et. al applies it in the case of vertical 


drafts. 


Models developed by numerical studies hardly seem to represent the reality of the 
field observed by biologists. While biologists provides useful qualitative data but lack 
parameters to go into quantitative details, one of the main limitations about numerical studies 
is to rely on a clean model of wind gradient over a wave-less surface, which all biologists 
acknowledge as a limitation. All authors from numerical studies agree on the need to improve 
the environmental model in order to get closer to reality, by taking into account wind-waves 


interactions. 


Furthermore, all theoretical studies lack some experimental validation. Sachs in-flight 
measurement campaign was a first but lacks the measurement of further flight parameters to 
permit a thorough comparison with the flight model developed by the theory. Among those, 
the relative airspeed, the air relative flight path angles as well as the accelerations would give 


more elements of comparison. 


Another limitation acknowledged by different authors is the lack of practical point of 
view among the numerical studies. Those papers investigate DS, without assessing changes in 
vehicle properties, in flight path constraints or in environmental conditions, which is 


necessary before concluding on the eventual feasibility to exploit DS. 


To put in a nutshell, an overview of existing literature shows a lack of consistence 
between the different points of views as well as a lack of maturity in the concept of exploiting 


DS. Those limitations comfort us in our choice of research question and of research objectives 
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(CHAPTER [[]| 


MODELLING A VEHICLE AND ITS ENVIRONMENT 


The scope of DS research involves interdependent concepts, which have been 
introduced to be the vehicle, the environment and the flight model. Each has its own variables, 
as well as its own representation with respect to other models. Variables translate into 
properties for each respective representative model. Design variables for the vehicle translate 
into aerodynamic and inertial properties; direction and strength of high altitude winds 
combined with surface properties form a representation of a three dimensional wind field 
above the surface and finally, state and control variables are varied over time to form a 
consistent flight path. The core of our subject is the way for a vehicle to harvest energy from its 
windy environment in a specific fashion. Hence a vehicle and an environment model must be a 
priori determined in order to establish a flight path that relates them. This part aims at 
presenting the variables involved in both model, as well as quantifying the way those influence 


the respective representation of each. 


III.1 The Vehicle Model 


The vehicle flies a whole range of functioning point during a DS cycle, which makes it 
unappropriated to optimize a specific design. Besides, as wind field conditions change, and as 
the type of mission scenario relative to this wind field are most likely to alter, it makes it 
difficult to optimize a vehicle over such various conditions. Hence it was chosen, so far, to 
break down the research problem by isolating the vehicle design to something conventional 
and well-known. Without getting into great details, any glider-shaped vehicle with good lift to 
drag ratio has the potential to fly DS trajectories and classic architectures have been 


demonstrated to perform best in this area. 


IlI.1.1 Baseline Designs 


In order to understand the way general design variables can influence DS 


performances, it was still chosen to try out different vehicles, of various sizes. Indeed, one of 
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the objectives of this research is to assess whether the flight of albatrosses can be transposed to 


vehicles that could differ from albatrosses, in particular in terms of size. 
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Figure III.1: Planforms of the UAVs considered, on the same scale. From top to bottom, Cloud Swift [19], 
Wandering Albatross, Mariner, reproduced from Bower [67], DT-18, reproduced from Delair-Tech [69]. 


From Albatross to Long Range UAV Flight by Dynamic Soaring 41 


Figure III.1 presents the different vehicles chosen. It naturally starts with what will be 
called Wandering Albatross in the remaining of the document. Based on data from different 
authors on the biological field, an average geometry is outlined by Sachs [47]. Although 
variables somehow differ slightly from data gathered in Table I-1, the advantage to stick by 
Sachs’ chosen geometry is to have a support for validation. However, for the vast majority of 
simulations, UAV models were chosen, based on the architecture of a small-scale glider rather 
than that of a bird. That suppresses the need to estimate and to average a geometry between 
different albatross specimens and it makes sure that the performances of the model are 


achievable by an engineering-designed vehicle. 


Among those vehicles, the biggest is named Cloud Swift from Allen’s work [19]. It is 
based on the radio-controlled cross-country glider SBXC from RnR Products. It was chosen for 
its wide representation in other research works [19, 70] and in the way that it represents a 
performant glider in the upper range of small UAVs. It has the highest aspect ratio (AR) of the 


four designs and can be expected to have the best gliding performances. 


Next on the list is Bower’s Mariner [67], which has been developed to minimize the 
wind strength required to perform DS, under certain wind field conditions. Contrary to 
albatrosses which can have their wing tip touching the water, as presented in Fig. I.5, the ability 
of a UAV to fly very close to the surface is limited. However, in order to keep the centre of 
gravity as close to the surface as possible during manoeuvres at low height and high bank 
angles, the methodology developed by Bower limits the span, at the expense of sacrificing the 


aspect ratio. 


Finally, the smallest model is based on the DT-18, engineered by Delair-Tech [69], a 
French start-up based in Toulouse. It takes the most of the 2 kg UAV class (including mission 
payload) and is the only small civilian UAV to be approved for Beyond Visual Line-of Sight 
operations (BVLOS) by an official rule-making body [69]. Main features include an elliptical 
shape of the wing planform, which is assumed to optimize the span-wise lift distribution. 
Furthermore, the aspect ratio is lower than the other two UAVs and we interpret that as a way 
to keep the mean aerodynamic chord (MAC) at a relative high value and thus avoid local low- 


Reynolds numbers on the majority of the wing. 


Each of the three UAV designs has been selected in its powered version, where an 


electric motor and a folding propeller allow the vehicle to sustain flight under its own power. 
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IlI.1.2 Quantification of Vehicles 


The baseline design characteristics of the four vehicles, in terms of size and weights, 
were given by respective authors and are summed up in Table III-1. It is to be mentioned that 
for the sake of comparison, the baseline mass was taken for vehicles in a ready-to-fly 
configuration, including battery, propulsion hardware, sensors, autonomous capabilities, but 
excluding any extra payload. The mass would then be eventually increased from their baseline 


values for later simulations, hence virtually adding a payload. 


The aerodynamic behaviour of small-scaled slender bodied vehicle, like the ones we 
are interested in, is quite well modelled by tools such as Xflr5 [71] or AVL [72]. Those software 
extrapolate a 2D pressure distribution around airfoils to a full 3D behaviour, by means of 
different theories, such as lifting line, 3D panels or vortex lattice methods. Initially designed for 
Radio-Controlled (RC) gliders applications, they are particularly adapted to the geometries of 
chosen vehicles. Mariner aerodynamic characteristics were obtained by Bower through AVL 


[67], while those of Cloud Swift were obtained by building a strip model from XFOIL [70]. 


Another approach is to apply a technique called Prandtl's lifting line theory in order to 
get first-order approximation for the drag coefficient [73]. It gives fairly good results for a finite 
wing with no sweep and a reasonably large aspect ratio. By modelling the wing as a fixed 
vortex with a series of trailing vortices extending behind it, contributions from each vortex are 
summed into a resulting force called the induced drag, represented by its coefficient Cp;. The 
zero-lift drag, represented by Cpo, is added so that the overall drag is represented by a quadratic 
drag polar as shown in Eq. III.1. The Oswald coefficient (e) is a correction factor that accounts 
for disparity between the elliptical lift distribution assumed in the theory and the realistic lift 


distribution. 


Gr 
Cp = Coo “Fr Cni = Coo v Ap ( III.1 ) 


For wings of relatively high aspect ratio and no sweep, the theory is rather consistent 


and an Oswald coefficient of 1 can be assumed. It is what Sachs has done to estimate the drag 


coefficient of the Wandering Albatross. 


The DT-18 is the smallest and lightest vehicle of the three UAVs considered. Besides, 
as it was mentioned before, the aspect ratio is also the lowest and a slight sweep is integrated in 


the wing design, which is apparent from Fig. III.1. Since conventional modelling techniques and 
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tools might reach some limits for the design of the DT-18, a wind tunnel testing campaign was 
conducted in order to get accurate data. Among others, the objective of the experiment is to 
provide an aerodynamic polar over the whole range of angles of attack and assess its sensitivity 
to the Reynolds number. Different vehicle configurations are tried out by combining variations 


in some of the vehicle degrees of freedoms, in terms of engine rate, control surfaces and flaps. 


Among the two wind tunnels ISAE has at its disposal, the wind tunnel S4, (located on 
the ENSICA Campus) was selected thanks to the wide 3 mx 2m elliptical test section which 
enables to set up a full-scale instrumented replica of the DT-18. Besides, the range of speeds 


available made it possible to get data for realistic airspeeds seen in flight by the UAV. 


The S4 wind tunnel is an Eiffel-type wind tunnel with an open elliptical test section 
and a closed, non-streamlined, recirculation zone. Installation can be seen on Fig. III.2. The 


airspeed ranges from 0 to 42 m.s’ and the associated turbulence rate is 0.52 %. 
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Figure III.2: Top view of the $4 wind tunnel. All distances are in m, unless otherwise stated. The DT-18, 
colored in orange, is schematically included in the test section. Adapted from [74]. 


A factory-built DT-18 was modified for the sake of the experiment. The external shape 
was not altered and main changes were conducted in order to link the replica to the rest of the 


experimental set-up. A ventral-docking configuration was selected, where the mock-up is hold 
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on top of a single mast, see Fig. III.3. Aerodynamic forces are determined via a measurement 
unit, sheltered inside the fuselage, which structurally links the mast with the aerodynamic 
mock-up. On the mock-up-side of the measurement unit, a specific holding plate was designed 
to link the standard cylinder-shaped-measurement-unit to the geometry of the DT-18 while also 
maintaining the mock-up in the correct attitude. A cut was made on the ventral panel of the 


DT- 18, just enough wide so that the wires and the mast could go through. 


The mast is connected to a cradle on the ground of the test section. The cradle can 
move along two curved rails such that mock-up rotates along a fixed pitch axis (the top of the 
mast is the centre of the rotation). This change in longitudinal attitude with respect to the wind 
tunnel section is used to modify the simulated angle of attack (AoA). Another rotation is 
possible along the axis of the mast itself. This variation in yaw permits to simulate a side slip 


angle. 


A majority of the on board electronics were kept inside the fuselage and powered from 
outside. It enabled to control the aerodynamic surfaces and the engine output through the same 


user interface, developed by Delair-Tech, as the off-the-shelf DT- 18. 
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Figure III.3: Rendering of the mechanical set-up of the mock-up on the mast. The holding plate (red), 
supports the mock-up on its upper surface and clasp the measurement-unit (horizontal, green) in one of 
its forward extremity. The measurement-unit is encircled at its aft extremity by the ventral mast 
(vertical, green). Copyrights Delair-Tech. 





Figure III.4: Mechanical set-up, which evidences the holding plate (top, horizontal), the ventral mast 
(bottom, vertical) and the measurement unit (middle, horizontal) in between. Here, a spirit level is laid on 
the holding plate, in order to verify its horizontality and ensure that the mock-up will be in a wings- 
level-configuration, before locking the holding plate into position with respect to the measurement unit. 
The yellow cable transmits measurement data from the unit to the acquisition centre. It runs downwards 
along the mast out of the lower side of the fuselage. 
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Figure III.5: The DT-18 experimental mock-up into place, through the single ventral mast, inside the 
elliptical test section of the $4 wind tunnel. The open test section is clearly visible, as the workshop is 
visible (left) outside of the section. The suction fans are visible (top right) at the end of the suction 
chamber, leeward of the diffuser. The curved rails of the cradle can also be seen (bottom), as well as the 
external feed (bottom left) for powering on board electronics. 


Forces and moments were measured locally on different places of the measurement 
unit and then could be calculated on different virtual points. Those were calculated at the 
virtual position of the centre of gravity of the DT-18 (which is different than that of the mock- 
up). Practically, what is needed for DS simulations is the variation of the drag coefficient with 
the lift coefficient. For the sake of simplification, it can be reduced to a polynomial form of the 


following. 
C5 = Cot CpG, FCpsG,” F Ops POG, (1112) 


The respective drag coefficients can show some sensitivity to the airspeed, all the 
more if that range of considered airspeed sees strong Reynolds-number effects. The Cp = f (C,) 


behavior defined by Eq. III.2 is hence dependent on the airspeed to some extent. 
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Figure III.6: Evolution of the coefficient of lift with the angle of attack (alphac) for the DT-18, for different 
wind tunnel speeds and their associated Reynolds number for the vehicle. 
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Figure III.7: Evolution of the coefficient of drag with the angle of attack (alphac) for the DT-18, for 
different wind tunnel speeds and their associated Reynolds number for the vehicle. 
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Figure III.8: Evolution of the coefficient of lift versus the coefficient of drag for the DT-18, for different 
wind tunnel speeds and their associated Reynolds number for the vehicle. 


For wind tunnel speeds above 15 m.s’, the angle of attack was limited in order not to 
damage the mock-up or the balance. A way to generally represent glider performance is to 
represent the speed polar which shows the evolution, when the vehicle is in steady equilibrium 
gliding state, of the vertical sink speed versus the horizontal speed. This curve, representative 
of steady states of the vehicle at different airspeeds, can account for variations of the Cp — C;, 
behavior with the airspeed. However, DS flights involve dynamic manoeuvres where the 
vehicle is rarely in an equilibrium position. Still, a relationship between lift and drag is needed 
for the vehicle and for the sake of simplification, Reynolds-number effects are neglected and 
the relationship is supposed to be independent of the airspeed. Figure III.8 displays how curves 
are mainly sensible to the airspeed for Reynolds numbers below 1.5. 10°. Gaps between the 
curves are narrowing for higher Reynolds numbers. Given those considerations and as the 
expected airspeed of DS flight are rather high, it was estimated that results obtained at 18 m.s” 


would be quite representative of aerodynamic performances of the DT-18 for DS simulations. 


Data of the four vehicles are gathered in Table IIJ-1 and would serve to characterize 


their respective model in the remaining of this thesis. 
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Table III-1: Comparison data between the four vehicles considered. 





Wandering 





Parameter Cloud Swift Aliaivoe Mariner DT-18 
m (kg) 6.8 8.5 2.0 1.7 

b (m) 4.32 3.3 2.5 1.8 
S(m?) 0.957 0.65 0.485 0.248 
AR 19:5 16.8 12.9 13.1 
WL (N/m?) 69.7 128.2 40.44 67.2 
Coo 0.017 0.033 0.0173 0.0259 
Ca 0 0 -0.0022 -0.0002 
Cp2 0.0192 0.019 0.0629 0.0735 
Cp3 0 0 -0.0578 -0.0858 
Con 0 0 0.0314 0.0607 
ee 1.0 15 1.17 1.195 
(L/D) max oa AY 20 20.5 15 
Vzmin (m/s) 0.39 0.6 0.42 0.76 
PoweTmin (W) 25.7 49.7 8.2 129 
ConsOmin J /km) 2410 4174 956 1113 


Mariner stands out in terms of wing loading, which is the lowest of all four. Besides, 
Mariner manages to reach a maximum lift to drag ratio ((L/D)magx) comparable to the 
Wandering Albatross, which is has a higher aspect ratio and a longer wingspan. This is partially 
achieved through a lower zero-lift drag coefficient Cpg, which could only be estimated for the 
Wandering Albatross and is therefore subject to greater uncertainties. However, Pennycuick’s 
estimate of the (L/D) mq, for the Wandering Albatross does not come far at 21.2 [25]. Although 
the zero-lift drag coefficient seems rather low for Mariner, a comparable value is obtained for 
Cloud Swift which strengthens the assertion that it is an achievable value for this class of 
vehicles. Besides, another important piece of information regarding glider’s performances is the 
minimum sink speed (VZj;,). Both Cloud Swift and Mariner achieve lower minimum sink 


speeds than the Wandering Albatross. Cloud Swift has the lowest minimum sink speed of all, 
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which underlines its background conception for thermal soaring [19]. Indeed, this low value of 
minimum sink speed allow it to maintain level flight by exploiting thermals rising at a 
correspondingly low minimum rate of climb, enabling it to take the most out of a wide range of 
potential thermals. The smaller DT-18 does not reach such high value in (L/D) mq, , nor low 
value in VZ,,;,, which can partly explained by the lower Reynolds number, which hamper the 
zero-lift drag coefficient. The DT-18 is still rather interesting for our study case, precisely for its 
reduced dimensions, especially span-wise, which would allow it to get closer to the surface 
during DS manoeuvres. To put in a nutshell, the comparison between vehicles highlights that 
the Wandering Albatross has aerodynamic gliding performances that can be reached and even 
exceeded. Mariner is a sound illustration of this conclusion and combines a streamlined design 
with a lightweight architecture to outperform the Wandering Albatross. Therefore, the gliding 
performances of UAVs are not a deadlock regarding the feasibility to exploit DS flight. 


Vx 
6 8 10 12 14 16 1a 20 2? 24 76 


— Cloud Swift 

—— ‘Wandering Albatross 
— Mariner 

— DT-18 





Figure III.9: Comparison of speed polar for each of the four vehicles. 


Additional metrics can be compared when it comes to flight performance. The first is 
directly related to the sink rate and it is the minimum power required to sustain the vehicle 


airborne (POWeTy;7,). It relates to the minimum sink rate as follow. 
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Powelmin =MGZ=Mg |VZmin| (IIL.3 ) 


It corresponds to the minimum power expenditure in flight, and intrinsically relates to 
the endurance of the vehicle. Indeed, if a vehicle needs to remain in the air for as long as 
possible, it should fly at the airspeed which allow for the minimum sink rate. If the vehicle is 
propelled, then by sustaining that airspeed and with a power output of its propeller equal to 
PoWeTnpin it will maximize its endurance. For a given charge Baty of its battery, and a 
propulsion efficiency given by Nyrop , the vehicle can theoretically sustain level flight for a 


nominal period of time called Endurance,,,, and given by the following equation. 


_ prop B alg 


Endurancemax = Power® (111.4 ) 
min 


Where Nyrop is given by the following formula, T being the thrust and Bat the battery charge. 





(IIL.5 ) 


T.V, 
Nprop = t 


Ba 


The energy expenditure of a gliding vehicle in steady flight over a horizontal-travelled 
distance Dist can be related to the associated loss of height h and to the lift to drag ratio as 


follow. 


Dist 
Eexpenditure =mg*h=mg* ( IIL.6 ) 


L/D 
This expenditure corresponds to the energy needed by the vehicle to sustain level 
flight over the distance Dist. Therefore, the lowest nominal energy consumption per unit 


length travelled, called Conso,;,, is given by the following formula. 


mg 


CONSOmin = (L/D)... 7D) yan ( 111.7 ) 


The lowest energy consumption per unit length travelled is obtained by flying at the 
functioning point corresponding to the maximum lift-over-drag ratio. It should be noted that 


CONSOmjn is homogeneous to a force, expressed in Newton, and that it corresponds, to a slight 
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approximation, to the thrust required from the vehicle to sustain that functioning point. For a 
given charge Bat of its battery, the maximal theoretical range of the vehicle called Rangema, 


is given by the following equation. 


_ prop B aly 


Rangemax = Fanepan (IIL8 ) 
min 


It follows from those calculations that the maximal endurance and maximal range of a 
vehicle are respectively related to the minimum sink rate and the maximal lift-over-drag ratio 
of the UAV. Those performance parameters indeed permit to establish respectively the 


minimum in-flight power required, Power,,;,, and the minimum Cons0O,pjn. 


Those latter metrics are summed up for each vehicle in Table III-1. It can be seen that 
Mariner reaches both the lowest power required and the lowest consumption. Therefore, if the 
four vehicles were equipped with the same battery and assuming they all share the same 
propulsion efficiency 779), Mariner would fly longer and farther than any of the other three 


vehicles. 


1.1.3 Point Mass Model 


For the sake of simplification, a point-mass model was chosen to represent vehicles. 
This type of representation allows simplifying the motion of the vehicle to three degrees of 


freedom, which are the three translations. 


The main advantage is that the vehicle input to the flight model will be kept to the 
minimum, which is a strong plus for the methodology that lies behind the formulation of DS 
trajectories. Furthermore, the scale of the wind gradients is such that span-wise variations in 
wind can be neglected and that a point mass model is an adequate representation of vehicle 
dynamics. The main limitation is that the rotational behaviour of the vehicle around its centre 
of gravity is not modelled. However, it does not mean that rotations cannot be indirectly 
simulated or controlled to some extent. The lack of equations representative to the rotational 
behaviour of the aircraft would have to be partially covered by further assumptions. For 
instance, by assuming that the vehicle is in symmetric flight with respect to the surrounding 
air, there is hence no sideslip angle, and the aircraft can be simulated to be directly aligned by 
the airspeed. For a hypothetic six degree of freedom model, symmetric flight would indeed be 


sought, but this orientation would be physically modelled, rather than simply assumed. 
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Practically, all forces that apply to the vehicle are concentrated at the centre of gravity 
G. Those are respectively the lift (L) the drag (D) and the weight (W) and are expressed in Eqs. 
III.9 to Il.11. 


1 2 

L= 3-5. C,. Va ( IIL.9 ) 
1 Z 

D= 3-5. Cp. Va ( III.10 ) 
W =mg (11.11 ) 


The orientation of the weight comes trivially, but the direction of aerodynamic forces 
is directed by the airspeed. The orientation of the lift requires the introduction of a parameter 
that is the bank angle. Once again, practically, this angle is a state of the aircraft which is 
piloted by deflections of control surfaces and which variations depend on the vehicle's inertia 
along its roll axis. With a point mass model, this angle will be directly piloted. Further 


precisions are detailed in the part dedicated to equations of motion. 


II.2 Environment Model 


Dynamic Soaring research is faced with a significant limitation on the environment 
model it uses. Although the ocean surface holds the significant advantage to be rather flat and 
uniform compared to earth variations, the wind profile encountered is not that of a flat plate. 
So far, the environment was only taken into account through steady boundary layer vertical 
wind profiles, either following power-law behaviour [50, 56]or logarithmic evolution [47, 67] or 
even selecting a linear wind profile [49]. However, those profiles are constant in space and time 
and are not correlated to any change in environment condition, apart from changing the 
reference wind itself. The purpose of this part is to refine the environment model used in 
simulations so as to correlate the wind field with environment conditions and to describe how 


DS could be affected by the presence of a moving wavy surface. 


IlI.2.1 Wind Profiles over rather Flat Surfaces 


In the present case of this study, we consider neutral conditions at sea, that is to say 


that convective exchanges or heat transmission are absent. Those conditions are met whenever 
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the surface is cooler than the air above. The subsequent boundary layer is therefore solely 
driven by wind shear turbulence and classical theory of the turbulent boundary layer can be 
used. A distinction between two cases is made, either the surface is considered smooth and 
therefore the mean velocity profile is that of a flat plate, or the roughness of the surface induces 
changes in the velocity profile. Some concepts related to that theory are introduced hereafter. 
The friction velocity u, is defined by Eq. III.12. and is a representation of the stress T, exerted 


by the wind on the ocean surface. The air density is represented by p. 


Tp 
uz, = | 11.12 
0 ( ) 


The friction length z, of the boundary layer is the length scale of the internal sub-layer 


and is related to the viscosity v by Eq. III.13. 


ee (111.13 ) 


The general form of the dependence of the mean velocity profile over a flat rigid wall 


is called the universal law of the wall and is expressed in Eq. III.14. 


u(z) =u, .f (=) (11.14 ) 


The former relation is only valid for surfaces considered as dynamically smooth, that 
is to say when eventual protrusions on the surface are small enough not to entail a change in 
the mean velocity profile. Monin and Yaglom [75] propose a quantitative explanation of the 
requirement of the smoothness: the wall will be considered as dynamically smooth if the mean 


height hg of the protrusions satisfies the condition given by Eq. III.15. 


< = —— 
No S 2s ul. (111.15 ) 


In the ocean atmosphere, for friction velocity of the order of 10 cm/s, the friction 
length does not exceed some tenth of a millimetre and quite trivially the ocean surface cannot 
be considered as dynamically smooth. Therefore, the main velocity profile departs from the 


case of a flat surface and will depend on irregularities of the surface. Those are considered in 
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the expression of the main wind profile, via the roughness length Z) defined in Eq. II.16, which 
is characteristic of the dynamic interaction between flow and surface [75]. There is a one to one 
correspondence between the state of the surface, with a set of protrusions ho irregularly 


spaced and the roughness length Zo. 





Tr (===) 
0= p C(@) 


(III.16 ) 


Cy is the friction coefficient at the altitude z, and x is the von Karman constant. The 


fact that the shear stress is almost the same within the boundary layer entails that Zp is a 
constant [75]. The mean velocity profile over a rough surface is subsequently given in Eq. III.17 


[75]. 


u(2) = — log (—} 
u(z) = —log |— 
Y gJ Zo ( 11.17 ) 


For the resulting log profile, the local increase in horizontal wind with altitude, or local wind 


gradient is expressed in Eq. III.18. 





— (111.18 ) 


The vertical gradient in horizontal wind is highest when closest to the ground. 
Besides, the local wind gradient is directly proportional to the wind friction velocity and the 
resulting effect is graphically displayed in Fig. III.10 (left). An important remark to be deduced 
out of Eq. II.18 is that the local wind gradient is independent from the roughness length, which 
is displayed in Fig. III.10 (right). Indeed the curvature remains identical, for a constant altitude, 
from one profile to the other. Therefore, surface roughness conditions do not alter the shape of 
the mean wind profile but shift the local mean wind speed by an identical value for the whole 


profile. 
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Figure III.10: Influence of variables from Eq. III.17 on the main wind profile. Left, variations in friction 
velocity for values representative of the atmospheric boundary layer. Right, variations in surface 
roughness length, representative, from the lowest to the highest, of open sea, open tarmac, open grass, 


low crops, and high crops respectively. 


Earlier DS studies, such as Wood [46], Sachs [47], Barate [55] and Bower [68], use and 
mention values of Z) around 3 cm, which is supposed to represent a typical value over very 
rough seas. They implicitly assume that ocean surface irregularities are of the order of the 
meter, which seems a priori fair for rugged conditions at sea. However, several limitations are 
going against the use of this estimation of Zp) for defining the mean wind velocity profile in the 


case of DS over oceans. 


The first limitation is that specific literature on the topic refers to significant lower 
values. Stull [76] mentions values for Zg of the order of the millimetre for off-sea wind in coastal 
areas, while all existing data indicate that the surface of the sea is considerably smoother than 
the majority of land surfaces, with Z) < 1 mm even for a fairly strong wind. The same author 
mentions roughness lengths of the order of the cm for open flat terrain, typically covered with 


low grass and with few obstacles. 
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Moreover, the velocity profile defined in Eq. II.17 accounts for irregularities from the 
surface only in a statistical way. Although that velocity profile is mathematically defined down 
to Zp, in fact the logarithmic equation loses its physical consistence at much larger values of 
altitude. Indeed, for altitudes comparable to the height hp of protrusions on the surface, the 
velocity profile would vary depending on the shape and spacing of the irregularities and on the 
relative position towards those. This is especially critical as it was established before that DS 
trajectories are composed in particular of a low turn close to the surface (Sachs [47] maintains a 
1.5 metres ground clearance for the centre of gravity of the bird). So Eq. III.17, used with a Z9 of 
3 cm, may reach some limitations in terms of accurate modelling of the wind field in the first 


metres above the surface. 


A refined model must be approached in order to provide the roughness length Zp of 
the ocean surface. Wind-waves interaction is a vast field of research, far from being completely 
explored. Nevertheless, Charnock’s roughness length model, developed by the eponymous 
author, is a generally recognized way of relating roughness length to the wave spectrum [77]. 


The Charnock’s relation follows in Eq. III.19. 


= 





Zp —@a@ ( 11.19 ) 


Stronger shear stress induces higher irregularities, which results in a greater 
roughness length. The parameter @ is called the Charnock’s parameter and is estimated to be 
within the [0.01; 0.035] range. This parameter was shown to depend on the wave fetch, that is 
to say the length of water over which a given wind has blown. It is directly related to the wave 
age, but it can be assumed constant for some cases. Indeed, the Charnock’s parameter a, = 1/80, 
which is then called the Charnock’s constant, was demonstrated through wind field 
measurements [78] to be accurate for long fetch cases, corresponding to old waves. The use of 
Charnock’s constant might reach some limits in coastal areas, where the surface roughness of 
young waves is higher than predicted. For a friction velocity of 50 cm/s, the corresponding 
surface roughness length obtained using Charnock’s model is 0.28 mm, which is much more 


consistent with the order of magnitude given by Stull [76]. 
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III.2.2 Ocean Waves 


The way the mean wind velocity is subsequently defined with Eq. III.17, for a 
roughness length that follows Charnock’s model with a = a, , gives a model of shearing flow 


over a rigid ocean surface, where irregularities are taken into account statistically. 


However, the ocean surface is obviously constantly moving, and so to the effect of 
turbulent shear flow over rigid surfaces must be added the effect of surface displacement. 
Besides, only small scale structures of the surface, of the order of the cm are taken into account 
using Charnock’s model. It must be superposed an effect that accounts for larger structures, if 


the wind field in the vicinity of significant waves is to be modelled. 


Ocean waves are stochastic; the surface appears to be composed of random waves of 
various lengths and periods with no simple repeating pattern. Yet, one way to model this 
surface is the concept of wave spectrum which distributes wave energy among different wave 
frequencies. This decomposition of the ocean surface into an infinite sum of independent 
propagating sinusoidal waves relies on the fair assumption that non-linear interactions 
between waves are weak. The wave spectrum is established by measurement of the height of 
the sea surface from a fixed location, independently of the direction of waves. Pierson and 
Moskowitz did such measurements at a deep-sea location in the North Atlantic and made the 
assumption of a fully-developed sea to propose a simple, yet commonly used Pierson- 


Moskowitz spectrum [79], where Spy is the wave spectral density. 


8.1 g? —5 (Wy)4 
Spy (w) = 103 ws ©? (= t} (11.20 ) 


The notation Wy, refers to the peak angular frequency of the spectrum and is expressed in terms 


of wind speed measured at 19.5 metres, W195, which was the height of the speed taps used in 


experiments. 


g 
Wy = 20 fp = 0.8772 W ( 111.21 ) 


19.5 





The following condition is indeed verified. 
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dSpy 
dw 





[o)=0 (111.22 ) 


Assumption is going to be made that the wavy surface used in the reminder of this 
part consists in a single sinusoidal wave at the peak angular frequency, as presented in Fig. 
III.11, obtained after the wind blew steadily for a long time over long distances. Wind and 
waves have reached equilibrium: the sea is fully-developed. For notational convenience, it will 
be assumed that the wind comes from the North, the x-axis is pointing northbound against the 
wind and z is oriented downwards. The local wind considered is at the origin of the formation 
of the wave system so waves are propagating with a phase velocity c in the same direction as 


the wind. Dispersion relations follow in Eqs. III.23 to III.25. 


_ Jg 
= Wp (11.23 ) 
2 
60) 
k= o, (111.24 ) 
 - 21 
== (111.25 ) 


The equation of the surface Zy aye is given by Eq. III.26. 
D nine — 0 cos(kx + Wyt) (111.26 ) 


The amplitude a of the wave is also related to the wave spectrum by assuming the 
peak frequency concentrates all the energy from the wave spectrum. The standard deviation in 


surface displacement obtained from the spectrum is expressed in Eq. III.27. 


2.74 Wigs” 


Gy = | Spm (w) dw = @ 





( 111.27 ) 


For the sinusoidal peak wave expressed in Eq. III.26, this translates into Eq. III.28. 


az 


(Surfwave) = = (111.28 ) 
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Figure III.11: Aspect of a sinusoidal wave induced by a wind blowing from the North. The wind direction 
is pictured by the green arrow 


So the amplitude considered is given in Eq. II.29. 


CO 1/, 
a= 2 [ Spy (w) du| (111.29 ) 
0 


The wave considered is therefore highly dependent on wind conditions. It should be 
noted by combining Eq. III.21 and Eq. III.23 into Eq. III.30 that the wave travels faster than the 


wind, as noted by Pierson and Moskowitz. 
c=1.14Wi95 (111.30 ) 


Therefore, the overall surface Zy aye of the wave is described by Eq. III.26 and it is 
associated with a surface roughness entailed by small irregularities from the main surface. 
Those are only taken into account statistically following Charnock’s model, as described in Eq. 


HI.19. 
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IlI.2.3 Wind field over Waves 


The undisturbed flow over a rather flat surface has been investigated, together with 
properties of a peak-frequency wave which concentrates all the energy of the wave spectrum. 
The remaining of this part focuses on the way the latter wave alters the wind field around it. It 
is to be noted that several tens of metres above the surface, the mean velocity profile would be 


roughly unaffected so that U;95 is quasi constant, for a given friction velocity. 


Several authors investigated turbulent flow over such a wavy surface, using numerical 
simulations [80]or a theoretical approach [81]. It was decided to use here expressions derived 
out of Benjamin’s development [81], which provides approximations of analytical solutions 
applying stable laminar flow theory. Validity of the solution only requires that the wave 
amplitude is small relative to the wavelength in order to remain out of flow separation cases. 


This condition was chosen following results from [80, 81] and is given in Eq. III.31. 


< 0.02 ie ak < 0.126 ( III.31 ) 


~»|& 


In a region where there is no large adverse pressure gradient, the flow tends to follow 
the contour of the wave in such a way that main features of the undisturbed boundary layer are 
preserved. The flow is assumed to be two dimensional in the {x, z} plane defined earlier, with 
the wind coming from x. An inertial reference frame ey Vp» Zp} in uniform rectilinear motion 
at phase velocity c is defined such that it translates with waves but keeps the same orientation 
as {x,y,z}. A surface-fitted curvilinear system of coordinates {&,7}is defined, on the upper 


surface of the wave, as in Eq. III.32, from the set of Cartesian coordinates ca Ze. 


€ = Xp - iae ~K(-2Zp—ixp) 
( II.32 ) 


N=-Zpy-—a eo ~k(-Zp-ixp) 


Only the real part of Eq. III.32 is to be considered, which gives Eq. III.33. 


€=X,-a sin(kx,)e*”P 


N = —Zpy — a cos(kxp)e"P (11.33 ) 


It should be observed that the equation of Zyqye in the inertial frame of reference 


can an is given by 7 = 0, to the first order in ak. Periodical variations of § andy with x, 


From Albatross to Long Range UAV Flight by Dynamic Soaring 62 


and Z, are damped by the exponential term inkz,. Hence, far away from the surface, the 
curvilinear coordinates {&,7} fits with the Cartesian system {Xp, Vp Za. The undisturbed mean 
velocity profile is transformed into curvilinear coordinates to follow the contour of the wave so 


that it varies with 7 only. 
ae Ue, n 
u=u(n) = ——log (+) ( 111.34 ) 


In the present case, the wind is blowing against the x-axis such that the wave moves in the 


same direction. It means that the celerity c is expressed by Eq. III.35. 


U, 19.5 
c=1.14W,,5 = —1.14 —log (—) ( IIL.35 ) 
x ZO 


In the absence of waves, the stream function Wo, characteristic of the flow observed from 


car Vp) Zz is expressed in Eq. III.36. 


n 
Wo = | {u — c}dn (111.36 ) 
0 


For the disturbed flow, a periodic perturbation is introduced to Wo, under the form specified by 


Eq. II.37. 


p= ota {F() + {u—che*"} etks (11.37 ) 


F is a perturbation velocity that must be determined. Components of the velocity parallel 


to €and 7 are expressed respectively in Eq. III.38. 


Ory ed 
U(n,€) =J /2 an sum 
__ 1/ aw III.38 
Vy, €) = -J /2 FTG 


Where J is the Jacobian of the transformation given in Eq. III.39. 
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az) (ae) 
jJ= ea +f ( 111.39 ) 


The set of velocity components (U,V) abides by non-slipping boundary conditions at the 


surface of the wave. 


a gé)=-c 
V(0, E) — 0 ( III.40 ) 


Benjamin [81]decomposes F in an inviscid solution @ completed with a rapid varying 
solution f which is a valid approximation of F close to the surface, where viscosity prevails. The 
region where f is significant is only several times the friction length, to the order of the 
millimetre. It was chosen to ignore that contribution that would have no incidence on flight 


dynamics since the vehicle flies well above. The following approximation for F was chosen. 
F=p~=-{u-c}e™ (11.41 ) 


Speeds in curvilinear coordinates can then be expressed in Eq. III.42. 


(111.42 ) 


a ge) = sh fi-c} 
Vin, €) = 0 


The €—lines are thus streamlines according to this approximation, as visualized in Fig. III.12, 


and the wave influence on the streamlines decays with altitude. 
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Figure III.12: Streamlines, pictured in a 2D plane, viewed from a reference frame translating at wave 
celerity. The wind direction is pictured by the green arrow. 


Benjamin concludes that a fair approximation to the flow pattern is obtained simply 
by bending the primary profile. The transformation into Cartesian coordinates{x,, Vp) Zs, gives 


the respective components of the velocity parallel to y, and Z,. 








— Um) Oe fi —c} oe 
*p ple IX, OXy 

(111.43 ) 
— Um, $§) an {i —c} as 
2p fle OZ, OZ, 

Finally, in the Earth’s reference frame, the wind field is described by Eqs. III.44 to III.48. 
W, = Ween ae Wore 
ti = p,bent 4 yrorbital ( III.44 ) 


wert = a {1 + ake cos(kx + wyt)} (11.45 ) 
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w,pert = a {ak e* sin(kx + wyt)} (11.46 ) 
werbital — —¢ fak e cos(kx + Wyt)} (111.47 ) 
weorbital — _c {ak ek sin(kx + wyt)} (111.48 ) 


The superposition of two contributions can be observed. The first comes from the 
main velocity profile being “bent” to follow the curve of the wave. Equation III.45 is applied 
successively at the wave crest and at the wave trough, in Eqs. III.49 and IIL.50, so as to highlight 


the speed up at wave crest and the slow down at wave trough, induced by the bent profile. 


W,Pent (wave crest) =u {1+ ake*7} (111.49 ) 


W,Pent (wave trough) = u {1 — ake*?} (1IL.50 ) 
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Figure III.13: Velocity profiles of the wind component due to the wave curvature. The vertical amplitude 
scale of the wave is voluntarily exaggerated. 


Moreover, this bent wind field also induces an upward deflection of the wind on the 


windward side of the wave and a downward deflection on the leeward side, in a wind-over-hill 
fashion, as can be seen in Fig. III.13. 


The second contribution is entailed by the orbital motion of the wave surface, with 


perturbations opposite to those due to the “bent” profile, see Fig. III.14. Indeed, the moving 


wave creates an upward motion of the surface on the forward moving side which is the leeward 


face of the wave, whereas the “bent” profile induces a downdraft component. 


An opposite behaviour between “orbital” and “bent” contributions can also be 
observed on the other face of the wave, windward. It is to be noted, from Eq. III.46 and Eq. 
III.48, that wherever the celerity c of the wave exceeds the local mean wind speed w, the orbital 
vertical contribution is predominant. This condition is verified up to large heights with the type 


of wave considered in the present case. Therefore, the overall wind field sees an updraft on the 
leeward face of the wave, as can be seen in Fig. III.15. 
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Figure III.14: Velocity profiles of the wind component entailed by the orbital motion of the wave. The 


velocity scale is five time that of Fig III.13. 
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Figure III.15: Velocity profiles of the wind established over a moving wavy surface. 


lambda/2 


The methodology followed above enables to set up a model of the wind field within an 
environment that includes moving waves. There is hence an implicit dependence on time, even 
though all phenomena are steady. The vertical wind behaviour, in vicinity of the wave, is 


dictated by the orbital motion of the wave and not by its bending effect on the wind profile. 


From Albatross to Long Range UAV Flight by Dynamic Soaring 68 


I1.3Summary of Chapter III 





One top of the Wandering Albatross model, three vehicles architectures are 
considered, all based upon classic glider planforms, but equipped with propulsive systems. It 
enables to benefit from known designs, rather easy to quantify and to get rid of uncertainties 
linked to the dimorphism measured in albatrosses. Geometries chosen for those vehicles reflect 
variations in scale and would therefore question the feasibility of DS for various UAV sizes. 
Their aerodynamic quantification is done through simple models that are well-verified for this 
kind of high-aspect-ratio wings. Yet, the smaller UAV is tested during a wind tunnel campaign 
in order to address the issue of smaller Reynolds number. A point-mass model was chosen to 
represent the vehicle dynamics, for its simplicity. It is a sound choice given the scale of 
gradients that are involved in DS, however it bears limitations since any further degree of 


freedom would have to be synthetically constrained in its evolution rather than modelled. 


The description of the environment is a two-fold process. First the theory of turbulent 
boundary layer is applied to a rough flat surface where irregularities are taken into account in 
a statistical way through the surface roughness length. The influence of the wind friction 
velocity and of the surface roughness length on the shape of the wind profile is assessed. This 
later value, which is representative of the nature of protrusions on the surface, must be 
adapted to match conditions encountered. In particular, the surface state, in the case of oceans, 
depends on the interaction between wind and waves and its evolution over time. A simple 
Charnock model is chosen to link the surface roughness length with the wind friction velocity, 
which is a good approximation for a long fetch. Secondly, the influence of surface variations of 
bigger scale is assessed. A regular sinusoidal wave is considered out of the Pierson-Moskowitz 
spectrum, at the peak frequency, and it is assumed to concentrate all the energy from the 
spectrum. The subsequent amplitude and wave length obtained make it correspond to a swell. 
The simplicity and regularity of the wave pattern is suitable for an analytical approach of the 
wind field. Stable laminar theory is applied to this shallow wave train, which highlights a 


predominant influence of the orbital motion of the wave on the vertical wind profile. 


Models of the vehicle and of the environment are therefore set and ready to be 
considered as inputs to the flight model, which focuses on the motion of the vehicle within its 


environment. 
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CHAPTER [VY 


MOTION & ©OPTIMIZATION 


Once respective models of the wind and the environment have been investigated, the 
trajectory that makes those two interact must be found. There lays a methodology which is 
specific to the general topic of atmospheric energy-extraction topics, and which consists in 
providing a trajectory that is considered an optimum. The success of the approach undertaken, 
which would lead into the formulation of a three dimensional trajectory, would not mean that 
DS flight is feasible for a UAV, but rather describe the trajectory it would fly, if it were to 


perform DS. 


IV.1 Equations of Motion 


IV.1.1 Point of View 


Any motion is relative to the point of view of its observer. And so are the physical 
models built to explain it. If well expressed, they would eventually lead to a consistent picture, 
where the two versions of the analysis are simply two ways of approaching the problem. As it 
has been underlined already, two relative motions, and therefore point of views, are involved 
when it comes to analysing the flight of a vehicle in a windy environment. One is relative to 
earth, while the other is relative to the surrounding air. The following lines have more about 
how the choice of one of those two points of view affects the understanding of the physics 


involved. 


Let's consider a vehicle and the mass of air altered by the vehicle path from instant t 
to instant t + dt, such that the system {vehicle + mass of air} is isolated. Hence, it does not 
exchange any energy with the outside; all energy transfers are internal to the system. We aim 
here at getting a qualitative understanding of the internal transfers of total energy between the 


two systems {vehicle} and {mass of air}, depending on the point of view chosen for observation. 


From an Earth based point of view, it has been established that the vehicle gains 


energy during an upwind climb. As the system {vehicle + mass of air} is isolated, when the 
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energy of the {vehicle} increases, the energy of the {mass of air} decreases by the same value. 
This case is represented in Fig. IV.1. The {vehicle} extracts energy out of the {mass of air} when 
the vehicle flies through the mass of air. The concept could be compared to wind turbines, 
where downstream air is less energized than the upwind air as the wind turbine gets energy 


out of it. 





Wind field (t) o 
T Vehicle total a — total Ene rey = 
Energy E,(t) ae E,(t+dt) < 
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Figure IV.1: Energy transfer from an Earth based point of view. 


When the same manoeuvre is observed from an air relative point of view, in Fig. IV.2, 
the {mass of air} has initially no relative velocity, hence no kinetic energy. When the vehicle 
flies through it, the circulation around its wing entails some perturbations within the mass of 
air, creating vortexes and unsteadiness. The {mass of air! receives some energy during the fly- 


through which is extracted from the {vehicle} energy level. 
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Figure IV.2: Energy transfer from a wind based point of view. 


The very simple understanding of energy transfers differs depending on the point of 
view chosen. The notion of energy is therefore relative to the reference frame chosen to 


describe kinematics. 


Three dimensional inertial state variables as well as their air relative counterparts are 
introduced in Fig. IV. 3 and Fig. IV. 4 respectively. The flight path angle (y) and heading angle 
(w) are introduced, as well as the bank angle (). Lift (L) and drag (D) keep the same notations 
as before, as well as the speed (V). An inertial earth reference frame Ry (X,Y, Z) is arbitrarily 


defined by orientating axis X, y and Z northwards, eastwards and downwards respectively. 


The inertial speed vector is oriented with respect to &o through the inertial heading 
angle and flight path angle, as defined by Fig. IV. 3. The inertial speed vector orientates a frame 
R; (X;, Y;, Z;) such that it stays directed along X;. The subsequent frame ; is then obtained from 
Ro by rotation of w; along Z and of y; along y;. Despite the subscript “i”, the frame 8; is not an 
inertial frame, since it rotates with the inertial speed. The same applies with the airspeed, with 
a subsequent frame Sa, as can be seen in Fig. IV.4. Aerodynamic forces are oriented by the 
airspeed such that the drag is opposed to the airspeed while the lift can rotate by ¢ in a plane 
orthogonal to the airspeed vector. It should be mentioned that by assuming no sideslip angle, 


the attitude of the vehicle can be determined. Indeed, the longitudinal axis is therefore included 


within the (X,,Z,) plane, while wings are orthogonal to the lift vector. 
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Following those early definitions, the inertial and air relative velocity vectors can 


hence be expressed as follow. 


Vj = Vj. Xj (IV.1) 
Va =Vy.Xq (IV.2 ) 


The relation between speeds is given by Eq. IV.3. 


+W (IV.3 ) 


1) 


V;, = 


a 
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Figure IV.4: Orientation of the airspeed and of aerodynamic forces, with respect to the reference frame 


Ro. 


Unless stated otherwise, it is assumed in the remaining of the document that the wind 
is unidirectional, coming from the North, such that it is opposed tox. This decision is 
particularly convenient for both calculation and trajectory visualization since it emphasizes the 


behaviour of the vehicle with respect to the wind. Although this choice is arbitrary, the 
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decision to align & 9 with the compass rose was all the same. Therefore no limitative 
assumption is involved in this choice and the whole spectrum of potential vehicle's kinematics, 


with respect to the wind, is unchanged. Therefore, the wind vector is expressed as follow. 
W = W,(x,y,z,t).X% = Wy. (IV.4) 


The airspeed can be expressed as a function of the local wind strength, the inertial 


speed and the inertial flight path and heading angles. 





V, = _|V;? —2.V;.W,.cos w;.cos y; + W,” (IV.5 ) 
Besides, air relative angles can also be deduced as follow. 
. Vi. 
SIN Yq — 7 (IV.6 ) 
a 
V; cosy; siny; 
sing =—T— (IV.7) 


Va COS Vq 


Practically, the flight path angle will be limited to the interval] ~"/5; /5[, such that Eq. IV.8 
can be deduced from Eq. IV.6. 


COSVg = V1-sSin* yy (IV.8 ) 


Eq. IV.9 completes the set of respective sinus and cosinus expressions. 


_ Vicos yj; cos pi — W, 


COSWa = (IV.9 ) 


Va COS Yq 


IV.1.2 Earth Point of View 


Equations of motion of a point-mass model flying through a windy environment are 
derived in this section. Equations of motion will be referred to as EoM in the remaining of this 
thesis. Kinematics is observed from the earth-based inertial reference frame “y. Newton's 


second law is written down in Eq. IV.10. 
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dV, se 
m Ty Re = > FOrceSext-vehicle (IV.10 ) 


The left-hand side of Eq. IV.10 is developed by applying the derivation formula to the 


inertial speed, as follow. 


dV, dV, 2 , 
Tp Re = Ri + QR/R,N V; (IV.11 ) 


The rotational speed of the reference frame ; with respect to Ro is given by Eq. IV.12 
QR Ry = Vi¥i + Wi; Z; (1V.12 ) 
Eq. IV.13 is obtained by combining Eq. IV.11 and Eq. IV.12. 


= 


dV, 


Tp Re = V; Xj + V; COS Yj Wi Vj —V; Vi- Zi (IV.13 ) 


External forces applied to the vehicles are the Lift, Drag and Weight. The lift is 
oriented by the bank angle with respect to the reference frame Ra. The expression of the lift is 
reminded in Eq. IV.15. It should be mentioned that the air density p is considered constant over 


the small altitude ranges of interest. 
L=Lsingdy,—Lcos oz, (1V.14) 
1 2 
EL = 5P.5. C,. Va (IV.15 ) 
The drag is opposed to the airspeed vector, along XQ. 
D=-D x, (IV.16 ) 


1 2 
D = 50-5. Cp. Va (IV.17 ) 
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And the weight is trivially expressed as follow. 


Weignt = +mgz (IV.18 ) 


Equations are chosen to be projected on i. All forces must therefore be successively 
projected on a and then on Ri. Contributions from the three forces listed above are summed 


up along the main axis (X, y, Z) of Ro. 


FOrCes espana Ey x + BRyy¥+F,Z (IV.19 ) 

E, = —L (sing sin, + cos @ cos Wy sinYq ) — D COS Yq COS Wa (1V.20) 
Fy = L (sing cos Wq — cos p sing Sin Yq) — D COS Yq Sin Wq (IV.21) 
F, = —L cos @cOS Yg + D COS Vg + mg (IV.22 ) 


Then, a further projections along (Xj, y;,Z;) of R; is conducted in order to get to the 


first three EoM. 


mV, = Ff. cos y; cos W; + Fy, cos y; sin Ww, —F siny; (IV.23 ) 
mV; COS Yj Wi = =i, sin Wi “F fy COS Wj ( IV.24 ) 
—mMV; ¥i = FE, siny;, cos yp; + Fy siny; sin; + F, cosy; (IV.25 ) 


Those are completed by the three dimensional evolution of the position of the vehicle. 


x =V; cosy; cosy; ( IV.26 ) 


y =Vi, cosy; siny; (IV.27 ) 
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zZ=—Visiny; (IV.28 ) 


Therefore, Eqs. IV.23 to IV.28 describe the evolution rate, with time, of inertial state 
variables {V;, Wj, V;, x, y,Z}. Those equations indirectly include variables that are not piloted by 
any others, that are {C,;,@}. Those are the variables which pilot the evolution of the system, 
they are control variables. Besides, it should be mentioned that the wind input consists only in 
the local wind strength W,, which is taken into account as for {V,, Wg, Yq}. Therefore, the local 
evolution of inertial state variables depends only on the local wind strength encountered by the 


vehicle and is independent of the local wind gradient. 


IV.1.3 Air relative point of view 


An alternative choice is to base the point of view on the surrounding air, such that air 
relative kinematics is observed. The subtlety in the case of DS simulations is that the 
surrounding air moves at different speeds depending on where the vehicle is, due to the 
presence of wind gradients. Hence, a reference frame linked to the air around the vehicle would 
see accelerations when the vehicle crosses regions of wind shear, such that this reference frame 
is not inertial. Fictitious forces must be added in order to describe the motion from this point of 


view. 


An air-based frame is defined such that it is moving at the speed W,(x, y, Z, t).x, 
where {Xx, y, Z} is the position of the centre of gravity of the vehicle. All axes remain parallel to 


those of Ro, The inertial force is given by the local air acceleration at {x, y, z}. 

















4 =<) P ae OW, . OW, . OAW, ] 3 
xXx = —mM. Z| .X 
Ro 


Finertial = —™M. Dt Ot 3 Ax XxX + ay yr ax” (IV.29 ) 


The wind is taken to be unidirectional and steady, coming from the North, defined by 


the following equation. 


ux, 
W, = -—log — 
x Y Og Zo (1V.30 ) 


Hence, the inertial force is expressed as follow. 
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= DW,\ OW, . 
Finertial = —™M. Dt ). x= —m 


The local wind gradient is computed from Eq. IV.30 and gives the following expression. 





This yields the following expression as for the inertial force. 


. . =— SSX 
inertial yz 
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(IV.31) 


(IV.32 ) 


(IV.33 ) 


The derivation formula is applied to the airspeed vector and generates the following 


components. 


=> 


dV, 


Re = Va Xa + Vair COS Yq Wa Ve —Va Vea 


(IV.34) 


Finally, vector equations are projected on &. to entail the following system of EoM. 


; Uu, Z 
mV, = —-—D—-—mgsiny,g +m a . COS Yq COS Wa 
U, Z| 
MV, COS VqgWqg = Lsing-m ri 7 sinWa 
—MmViVq = —Lcos@+mgcosyqg +m > a Wa SINVq 
x = V, COS Vq COS Wg + Wy 


Y=V, COS Yq sSinWg 


Z=—V,sINVq 


(IV.35 ) 


(IV.36 ) 


(IV.37 ) 


(IV.38 ) 


(IV.39 ) 


(IV.40 ) 
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The set of Eqs. IV.35 to IV.37 shows that air relative state variables have their rate of 
evolution as a function of the local wind gradient, described in Eq. IV.32. This dependence 
comes through the presence of the inertial force that itself accounts for the acceleration of the 
air relative point of view. This term, which has indeed the dimension of a force, is sometimes 
referred to as the “dynamic soaring force” or the “fictitious force” [50]. Control variables{C,, } 


are trivially the same as before. 


To put in nutshell, two different sets of equations of motion can be considered. Those 
are representative of the same system evolution observed from two different points of views. 
One focuses on inertial variables, and highlights that their rate of evolution depends, among 
others, on the local wind strength encountered. From that perspective, the significance of wind 
gradients is not emphasized at that stage and the set of EoM is not much different than that of a 
point-mass glider in still air. The alternative is to use air relative variables and equations, which 
then makes the local wind gradient appear. The role of wind gradients in the energy extraction 
process can already be partially comprehended when observing the motion from an air relative 
point of view. Besides, different systems of EoM can be derived out of a single point of view, 


such that the proposed equations here are not exclusive [50, 67, 49, 47]. 


Yet, whatever the chosen point of view and the related set of equations, the local 
evolution rate of state variables, either inertial or air-based, is not sufficient to describe and 
simulate DS flight. Indeed, as it was underlined during Chapter I, DS can only be approached 
along a whole cycle of trajectory. For static soaring flight techniques, an instantaneous 
description of the system is repeated identically over time and can therefore be studied over 
any fixed time position, independently of the state and control histories. However, DS requires 
integrating the evolution rate, given by EoM, over an undetermined cycle, in order to simulate 
and understand energy-harvesting mechanisms. Hence, the fact that wind gradients terms do 
not appear in inertial EoM does not mean that wind gradients are not significant for the motion 


as a whole. 


This raises the next challenge regarding DS flight simulations, which is to integrate 
EoM to form state and control histories over a cycle yet to be determined. The way control 
variables pilot the evolution of state variables over time is also unknown, such that state 
variables cannot be explicitly integrated. The problem consists in finding a cycle of coherent 
state and control evolution over time that permits to extract energy from the wind in the 


process. 
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It was chosen to conduct all calculations using the set of inertial equations of motion 
Eqs. IV.23 to IV.28. It was considered that it would be more intuitive to deal directly with 
inertial variables since ultimately earth-based travel performances are those of primary 
interest. Other studies opted for the same option [47, 43]. Still, the choice to go for air relative 
variables could also have been defended, as those are somehow more intuitive to deal with 
when it concerns a flying object. That was the choice of various authors [46, 49, 48, 67, 68, 50, 
57]. 


IV.2 Optimization 


One way to address the issue is to set and solve an optimization problem in order to 
yield the best achievable solution. It goes through a particular methodology that starts by 
identifying the objective and the constraints and then follows by converting the subsequent 
analytical problem into one of finite dimension, involving a limited number of parameters. 
Eventually, specific numerical techniques are applied to the underlying parameter optimization 


problem to converge to a solution. 


IV.2.1 Optimal Control Problem 


The classical approach to set-up an optimization problem is to identify the variables, 
the objective and the constraints. The general formulation of the optimization problem is then 


defined as follow. 


Maximize/Minimize: Objective(variables) 
with respect to: variables 


subject to: constraints 


In our case, variables would regroup all variables that must be iterated on as part of 
the optimization problem. Since both state and control variables are unknown, the set of 
variables includes at least those variables. Besides, the cycle duration is also unknown and 
should be set free for the optimization to run on it. Indeed the trajectory which optimizes the 
objective would have a specific duration, to be determined. Practically, an initial time ¢, is set 


to zero and the final time ty is chosen as a variable. So the set of variables passed to the 


optimization problem is at least {V;, Wj, V;,x, y,Z, Cz, 9, tr}. However, further variables can be 
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considered, such as vehicle design variable or environment variable. Especially if the wind 
strength is also unknown, which would happen in many cases, the friction velocity u, is also a 


variable to be determined. 


Regarding the objective function, numerous choices can be considered. We would 
focus on two different ones. The first and most trivial consists in minimizing the wind strength 
required to perform DS under certain operational constraints. Then, another objective would be 
to minimize the consumption per unit distance travelled. This latter obviously only makes 
sense in the case of a powered vehicle. The battery state (Bat) must then be taken into account, 
its derivative is given by the power exerted by the thrust 7. Just as a reminder, 1y79p is the 
efficiency of the propulsive block, including electrical, mechanical and aerodynamic 


efficiencies. 


a 


Bat = — 





=. (IV.41) 


Table IV-1 sums up the different objective functions that are approached in the 
framework of this research project. Once again, it constitutes a deliberate choice to focus on 


certain problematics and many further objectives can be considered. 


Table IV-1: Variation in the objective function in the framework of this thesis 








Objective Function Function Associated 
Explicit formulation title scalar Constraint 
Obtain the lowest wind at _ Energy neutral cycle 
wick DS Gans Maize “ee u, No Thrust 

velocity oe 

sustainable. Periodicity 
Obtain the lowest electric Consumption 
consumption per unit Aeaiee per unit ABat Energy neutral cycle 
distance travelled by distance [Ax2 + Ay? Periodicity, all but Bat 
taking advantage of DS. travelled 


Constraints encompass all the standards that must be complied with by the eventual 
solution of the optimization problem. To start with, equations of motion must obviously be 
verified such that the solution is physical in view of the models considered. Then, periodicity is 
an essential constraint regarding eventual DS trajectories. Indeed, the problem does not consist 
in extracting energy over a certain period, but in finding a way to make that energy-extraction 


process repeatable and therefore sustainable. The solution must hence consist in a path where 
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at least some of state and control variables come back to their initial values at the end. 
Depending on the mission scenario, those periodicity constraints can be eased out to allow for 
x, y displacement. Then operational constraints are considered. Some can be expressed quite 
straightforwardly, such as avoiding stall, or maintaining ground clearance. Others are 
implemented to make up for limitations inherent to the point-mass model of the vehicle. 
Limitations on control rates and angular accelerations would ideally be implicitly accounted for 
through the presence of further equations of motion, relative to further degrees of freedom. 
They can be rather estimated using alternative analysis, in order to augment the reality of the 


point mass model. 


The control rate bounds, respectively C 7, and d, are each associated to limitations in 
control surface deflections and size. Although the coefficient of lift is considered as a variable, 
it is in fact not piloted directly, since the attitude of the vehicle is piloted, not the angle of 
attack. However, limitations in pitch rate induce subsequent constraint on the feasible C,. 
Besides, using conservative values for this rate limit allows ensuring that the evolution in 
coefficient of lift corresponds to a feasible variation, despite the mentioned inaccuracy inherent 
to the point-mass model. A roll rate of 90°/s was given for Mariner [68], while a much lower 
value of 30°/s was given for Cloud Swift [70]. Such a strong disparity can be explained by the 
ailerons representing a large portion of the chord (35 %) over 90 % of the span for Mariner, 
while Cloud Swift was design as a classical glider, with ailerons on the outboard part of the 
wing only. The maximum rolling rate for the DT-18 is considered to be 60°/s. Given the 
approximate similarity in horizontal tail control surface sizing for all three vehicles, the same 


bound value of 0.5/s for C,,, given by Bower [67], is chosen. 


Bounds on angular acceleration translate into limits in C,, and @. Those are significant 
to ensure that control variables follow a rather smooth evolution over time. One approach to 
get to a first-order approximation of the roll acceleration is to calculate the maximum rolling 
moment that ailerons can produce for a certain speed. The following equation expresses this 


dependence. 


ae | 
Iyx P = 2 pS UCron Va‘ (IV.42 ) 


I, 1s the longitudinal inertia, / the mean aerodynamic chord and Cp, the rolling 


moment coefficient. The maximum rolling acceleration is hence given by: 
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“ 1 
= 2 


xXx 


The maximum rolling moment coefficient is given for the DT-18 by the wind tunnel 
campaign and for Mariner from Bower [67]. No data is available for Cloud Swift and it is 


assumed that it achieves the same maximum rolling moment coefficient as the DT-18. The 


: yo ‘ re : , -2 : 
maximum value for C;,, is much less intuitive and is considered to be 2 s © for all vehicles. 


As for remaining constraints, the maximum load factor was considered to be 
Nmax = 3 for all vehicles, although Lawrance [70] recommends only 2 for Cloud Swift. The 
reason for that is our wish to let structural considerations aside, when comparing vehicles in 
DS flight. On the contrary, a limitation that marks a difference between vehicles is the ground 
clearance constraint. One option is to limit the lowest altitude at the centre of gravity, which is 
the point where the wind is computed. A refined alternative is to impose a wing tip clearance, 
obviously on both wings, which permits to assess the influence of the span during turns close 
to the surface. The wing is oriented orthogonal to the airspeed vector and to the lift vector 


which yields the following expression for the semi span vector. 
GTip 7 UW (cos Va + sing Za) (IV.44 ) 


Hence, by defining a positive ground clearance Geieg;, the wing tip clearance is 


expressed by Eq. IV.45. 


Zx b/. sin @ COS Yq S —Gelear (IV.45 ) 


A summary of the different bound and constraints values is summed up in Table IV-2. 
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Table IV-2: Summary of constraints expressions and bounds 


Parameters 
Formulation 
Constraint DT-18 Mariner Cloud Swift 


Equations of Motion Eqs. IV.23-IV.28 See Table III-1 
Flight path bound Vel = Vine Vie 65° 


Final time bounds baw = te St to be determined and adapted 
min f sup ip 


{Vi, Wi Yv%,y,Z, Ci, Po 


Periodicity ={(VWi rv % 2 Ci Phy to be released for x,y in case of travel 





Net travelling direction Ay = tan Wnet AX Wnet to be adapted in function of heading wanted 


Rolling bound ld| < dmax max = 85° 


PSG, Vi" 





Max. load factor Dang Nmax = 3 
Ground Clearance Ze Je sin @ COS Yq < —Geiear Getear = 50cm 


C,, rate \C, | =<, mf C, max — 0-9 so 


CRoll max = 0.32 CRoll max = 1.43 CRoll max = 0.32 






Rolling acceleration 
Iex=0.184 kg.m*| Ly~=0.378 kg.m? | Lyy=1.344 kg.m? 


C,, double continuous Cr | <C, ee G max = 2 i 


The general formulation of the optimization problem has been stated and that its 
terms have been expressed. At this point, the problem is expressed throughout analytical 
expressions, whether those are objective function or constraints. Those must be converted into 
a limited number of parameters in order to take advantage of numerical optimization 


techniques. 


IV.2.2 Conversion into a Parameter Optimization Problem 


The optimization problem formulated above must be converted into a finite-dimension 
optimization problem. This process involves different calculations steps. First, the time interval 


is divided into a number of subintervals, which define the future calculation nodes. Although 
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the final time ty is unknown and part of the variables passed to the optimization problem, a 
time step At can be implicitly defined by fixing the number JN; of time steps. 
te — ty 


At = 
Nt—1 


(IV.46 ) 

Therefore a set of N; time nodes {t1, yl, ty, = tf } equally spaced by At, forms a 
number N,; — 1 of time subintervals. Variables are also broke down into discrete sub-variables 
at each time node, where X; represents the value of variable X at the time node t; . Each state 
and control variable is then represented by N; discrete variables over the time interval i ty |. 
So far, the evolution of the system with time is modelled by equations of motion, which are of 


the following form, for a state variable X and a control variable U. 


X = f(X,U,t) (IV.47 ) 


A way to involve the set oe sss AX Pees) A rh, of dimension N;, in order to represent the 
behaviour expressed by Eq. IV.47 must be found. The analytical integration of Eq. IV.47 over 


one time subinterval [t;; t+] gives Eq. IV.48. 


Ck+1 
Xk+1 — Xx — e.@ U, t).dt (IV.48 ) 


tk 


If the evolution of the control variable was the only unknown to be found and 
optimized, then Eq. IV.48 could be integrated explicitly through classical Runge-Kutta 
techniques. That can happen when a trajectory is to be followed (through some waypoints) but 
the optimal way to pilot that trajectory must be established. The Eq. IV.48 could be interpolated 
in one go from ¢ to tr by using a time history of control variables formed by interpolation. 


This method is called direct shooting in the optimization literature [82]. 


However, in our case, state variables are also unknown and therefore the value of 
X, is not available to evaluate f(X;,Ux,t,) to get to X;,4,through classical Runge-Kutta 
integration techniques. Still, the integral in Eq. IV.48 can be approximated by involving discrete 


variables at nodes k and k+1 via a numerical integration scheme. The most basic of those 
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schemes would be the rectangle rule, where f is supposed to be constant over the 


subinterval [t,; t,41], which provides the following. 


Ck+1 
Rectangle rule: f(X,U,t). dt ~ f(X,, Ux, ty). At (1V.49) 


tk 


Despite being of appealing simplicity, the calculation error inherent to this 
approximation is high. Indeed, the rectangle rule is a first-order rule, which means that for a 
given value of X;, the obtained X;., only match the Taylor series expansion through the first 
term. The local truncation error (LTE), that is to say the error brought by the integration rule 
over one step, is proportional to At’, in the case of a first-order scheme. The global truncation 
error (GTE) is one order of the step size less than the LTE [82], that is to say is proportional 
to At in the case of a first-order integration technique. A more accurate approximation can be 
obtained by using a higher order integrator. Indeed, the function f can be approximated by a 
polynomial interpolant. One option for converting the optimization problem is named 
collocation technique and uses Simpson’s one-third rule to approximate the integrand function 
f (83, 84]. This alternative is commonly used for trajectory optimization problems [83]. It was 
hence chosen to approximate f by a quadratic polynomial which interpolates the function at the 
endpoints of the subinterval [t,; t,4,], as well as at the centre point t, of the interval. 
Lagrange polynomial interpolation can be used to find the interpolant. After calculation, the 


integration over the time subinterval [t,; t,44]| gives the following terms. 


Ck+4 At 
F(X, U,t).dt = re Lf (Xx, Uk, ti) + Af (Xm, Um, tm) + f Xess Ux+a tr+1)] (IV.50 ) 


tk 


The three interpolation points are called collocation points. It should be noticed that 
nothing guarantees that the slope of the polynomial is continuous between two time 
subintervals. Indeed, each interpolant is only defined over one subinterval, independently of 
the previous and the following one. Simpson’s one third rule is a fourth-order integration 
technique, which means that the GTE is proportional to At*. The integrand must be evaluated 
at the mid-point of the time subinterval, where state and controls are a priori not known, since 
they are only defined by their values at the endpoints of the subinterval. Hence, a state and 
control history must be approximated in order to get values at the centre of the interval. 
Because the interpolant f, which is the derivative of Xover time, is approximated by a quadratic 


polynomial over [t,; tx41] , X must be approximated by a cubic polynomial. Hence, four pieces 
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of information must be known about the state history in order to interpolate by a polynomial of 
order three. State values at the endpoints are used {X;,X;4,}, as well as the slope at the 
endpoints {f (X;, Ux, th)» f Xk41, Vest, te41)}. The interpolation is made with a Hermite-cubic 
polynomial P;,; that is constructed out of those four pieces of information. By using notations 
f(X, Ux, te) = fy and f (Xk41, U R41, tk41) = feet, the polynomial Py represents the time 
history of X(t) as given by Eq. IV.51. 





C= t)- ( 2(t — | 
Py (t) = ——— | | 1 — ——_].X, + (t — tx). ff 
e (te — te41)? te —teai] * ~~" 
(e~ te)” |(, _2¢- te YD VAs ae 
(te41 — ty)? tr41 “Wir Jf vee cal 
Further calculations give Eq. IV.52 by applying Eq. IV.51 at the centre of the interval. 
te + tay Xk t Xe. + Xp44 
Pip (ln) = Poy (-& EH) = EE OF — fi (vse) 


To put in a nutshell, EoM are implicitly integrated over each time subintervals by 
approximating the derivative function with a quadratic polynomial. Because state variables are 
not built through the numerical integration but rather involved in the calculation, the 
integration of EoM yield one subsequent constraint per time subinterval. For each one of those, 
this constraint is formed out of Eq. IV.50 and Eq. IV.52 and is called the Hermite-Simpson 
system constraint [83]. For each state variable {X 7 Gare 4 ‘ , over each time 
subinterval [t;,; ty+1], it comes in the form of a residual R!, which is expressed in Eq. IV.53 and 


must be driven to zero in the iteration process. In the formulation below, X; no longer 


ak 
represents the variable X at nodek, but the vector of state variables X;, = [Xeieny Xe at 


node k. 
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. At 
Ry = Xk41 — Xk - S. Lf Xn Urs te) + AF Xv Ur tm) + f Kerr Urstv te+1)] 





fy — Akt Awe Ae, 
m 2 ; oo fra) (1V.53) 
k k+1 
with ce 
: _ fe thks 
oe 2 


IV.2.3 Solving Methodology and Tools 


Let’s begin by defining two important terms that come into play in terms of 


optimization. A generic function of n-variables is defined in Eq. IV.54. 


RR" OR 
Py sey Xp) f (X1) 0 Xp) (1V.54) 


The gradient vector is given by Eq. IV.55. 








(IV.55 ) 


The Hessian matrix is symmetric and given by Eq. IV.56 and is the matrix of second-order 


derivatives. 








[af af) 
| Ou 0x 0% | 
Hr = | : ( IV.56 ) 
|_ af af | 
lax, ax, OX? | 


Both the gradient vector and the Hessian matrix come into play when assessing the 
second-order condition, in order to conclude on the eventual optimality of a functioning point. 


This condition is stated in Eq. IV.57 [85, 86]. 
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For X* € R",if Hy ts continuous over an open neighborhood of X*,then 


X*is a local min. (max.) © as is definite positive(negative) (IV.57 ) 
Vf(x*) =0 

The above standard comes from the Taylor series expansion of function fat the second 
order. It highlights that both the function gradient and Hessian are required in order to solve a 
basic unconstrained optimization problem where f is the objective function. Practically, in the 
field of numerical optimization, inequalities-constrained-problems are reduced to the form of a 
simpler unconstrained-problem, at the expense of adding further variables [85, 86]. For 
instance, constraints are taken into account through the set-up of a Lagrangian merit function 
which is the addition of the objective function with terms proportional to the constraints of the 
problem. The proportionality is set by Lagrange multipliers, one per constraint, that are new 
variables to the problem. An unconstrained problem, where the objective function is formed by 
the Lagrangian merit function is subsequently solved. It means that gradients of all constraints 
must be known, on top of that of the objective function. Those very brief lines are to introduce 
the basic features of the solver we chose to use. It was selected out of the different solver 
offered by the online NEOS server [87], as for nonlinearly constrained optimization. Further 


references are available about NEOS [88, 89, 90]. 


The Sparse Nonlinear OPTimizer (SNOPT) solver was selected after runs on the 
various solvers offered by the NEOS server, for its reliability as well as its rapid convergence. 
SNOPT uses sequential quadratic programming methods to solve nonlinear constrained 
optimization problems with smooth nonlinear functions and constraints [91]. Basic features are 
that the sequence of quadratic problems is guided by line-search techniques which requires 
first-order derivative to be available. Yet, the Hessian of the Lagrangian merit function is 
approximated by using a quasi-Newton method based on the BFGS updating formula [85, 91]. 
Besides, SNOPT assumes that constraint gradients are sparse. This fits quite well within the 
scope of our optimization problem, since a majority of our constraints come from EoM that are 
each discretized into a number N; — 1 of residuals, expressed in Eq. IV.53. Those residuals, at 
time step k, only depend on state and control variables at time step k and k+1, therefore 


resulting in sparse gradient vectors. 


SNOPT requires first-order derivatives to be available as well as the general structure 
of the optimization problem to be properly set. An intermediate modelling tool is used to that 


aim, it is A Mathematical Programming Langage (AMPL). It provides an interface through three 
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input files that sum-up the optimization problem formulation (.mod), the value of parameters 
(.dat) and the solving and output options (.run) [92]. This interface permits to build up large 
scale problems through a step by step declaration of variable and constraints, while AMPL 
detects eventual substitutions as well as the general structure of the problem. It then 
communicates the problem representation to the solver SNOPT. This includes first-order 


derivatives, that are computed by AMPL using Automatic Differentiation [93]. 


IV.2.4 Local Optimizer and Sensitivity to Initiation Variables 


The solver SNOPT is guaranteed only to find a locally optimal point [91]. However, it 
can be generalized into a global optimum point only if the objective function to be minimized 
(alternatively maximized) is convex (alternatively concave) and if the associated feasible 
constraint region is also convex [85]. Hence, results from the optimization process are a-priori 


local solutions. 


Furthermore, the feasibility of the convergence, as well as the nature of the optimal 
point may depend on the way variables are initialized. Indeed, within the space of optimization 
variables, the solver starts to iterate from a specific set of variables and then guides its search 
until it eventually converges to an optimal point. Hence different sets of initiation variables 
may lead to a problem that is feasible or not and may influence the convergence towards a local 
optimal point rather than another. In our present case, there are a total of 9 * N;variables 


passed to the solver. Assuming that each variable can take N,,values, the number of different 


combinations amounts to N,”*"*. Any reasonable assumption as for N, and N; yields a number 
of combination of such a magnitude that testing the whole range of starting points is out of the 
question. Not to mention that every combination would be tested by actually running the 
solver which takes several seconds for problems of our scale. Hence, selecting appropriate 
initiation variables would need a trial and error approach, associated with an eventual physical 


intuition of what the optimal solution may look like. 


IV.3 Validation 


IV.3.1 Simulating Albatross Flight 


One computation is made with an optimization problem matching the case from Sachs 
[47], in order to validate the optimization methodology as well as provide a classical study case 
of DS over a flat surface. All vehicle properties, environment conditions and optimization 


constraints mentioned by Sachs are reproduced here. The wind field is that of a boundary layer 
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developed over a rather flat surface, the surface roughness length is 3 cm. The vehicle is the 
Wandering Albatross, the minimal altitude was set to 1.5 metres, the maximal load factor to 3 


and the bank angle is limited to 80”. 


Regarding discretization methods, the number of time steps N; is varied to assess the 
influence on the resulting objective function, in this case the minimum wind friction velocity 
u,, and on the calculation time from SNOPT, referred to as tsygpr. Results are summed up in 


Table IV-3. N,=51. 


Table IV-3: Variation in N,; and its influence on validation results 








N,; Objective u, (cm.s’) tsvopr (s) tr (s) dt (s) 
41 60.533 3.07 7.018 0.175 
51 60.555 3.85 7.010 0.14 
61 60.566 8.13 7.008 0.117 
$1 60.574 8.44 7.007 0.088 
101 60.577 29.47 7.000 0.070 
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Figure IV.5: Energy-neutral trajectory for conditions representing Sachs [47]. The surface is rather flat 
with Z)=3 cm. The wind friction velocity required to sustain DS is 60.6 cm/s, the duration is 7 seconds. 
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In order to keep the calculation time rather acceptable without sacrificing on the 
accuracy of the solution, it was chosen to perform the validation case with N;=51. This value 


could also enable to draw comparisons with results obtained by Bower [67]. 


The resulting energy-neutral cycle described in Fig. IV.5 is obtained by minimizing the 
friction velocity required to perform the neutral cycle without any power input from the 
vehicle. Figure. IV.5 pictures in black the overall flight path, while 2-D projections are in blue. 
The wind profile and direction are plotted in green and a schematic Wandering Albatross is 
plotted in grey, at the corresponding dimension scale, such that it gives an idea of the attitude 
adopted along the cycle. Overall results match very well the simulation made by Sachs, as can 
be compared in Table IV-4. Some minor disparities can be explained by differences in the 
methodology between Sachs’ simulation and the present one. Indeed, some practical aspects, 
such as for instance the number of time discretization nodes N;, or the selected integration 
scheme, are not specified in Sachs’ publication and therefore probably differ between the two. 
Results obtained differ from Sachs’ by less than 5 %, hence validating the methodology set in 


the case of DS over a rather flat surface with a 3 cm roughness length. 


Table IV-4: Comparison with simulations obtained by Sachs [47] and Bower [67]. 








Variables Sachs [47] Bower [67] Current Disparity with 
Sachs [47] 

Cf (s) 7.1 7.0025 7.0102 2.8 % 

u, (cm.s‘) 60.7 60.42 60.555 0.2 % 

Max. height (m) 20.5 20.038 20.1 2.0 % 

Eastern net 9.37 9.38 9.39 0.1 % 


speed(m.s ’) 
Eastern period(m) 66.5 65.71 65.8 1.1 % 
Therefore, the validation case seems to validate our approach and the associated 


methodology. It entails a solution, in terms of trajectory, which appears both non-trivial as well 


as physically sound and corresponds to results obtained in the literature. 
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IV.4Summary of Chapter IV 





The observation of the physics of the vehicle and the equations that govern it are 
dependent on the point of observation. In the present case, it is either earth-based or air- 
relative. After the influence of this choice on the energetic consideration is discussed, the two 
corresponding sets of equations are expressed, which involve state and control variables. In the 
case of air relative equations, the inertial force, due to the acceleration of the point of view, 
leads to the expression of a term that is the driving force of the movement. This is more diffuse 
for the earth-relative point of view, but it is decided to go ahead with this set of equations, 


partly because range performances are earth-relative. 


The evolution of state variable over time depends on that of control variables and 
those need a guiding line in order to pilot the trajectory. This is achieved by setting up an 
optimization problem in order to provide the set of values over time that yields an optimum. 
The objective constraint, at first, is to lower the wind strength required to perform an energy- 
neutral trajectory. This is complemented by constraints that include periodicity, in order to be 
able to repeat the flight path, and operational limitations, so as to ensure the flight path can be 
reasonably flown for the vehicle. The trajectory optimization problem is then converted into a 
parameter optimization problem by discretizing the time interval and allocating discrete values 
by mean of adequate interpolation and collocation technique. Equations of motion are included 
as constraints of the subsequent non-linear constrained optimization problem, which is solved 


by using a modelling language AMPL coupled with SNOPT. 
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(CHAPTER VY 


FX}UNDAMENTALS OF [)S FLIGHT 


After the whole methodology is set up, it is time to step back and analyse the results 
obtained. This part aims at exposing those first simulation results and describing their features 
in order to build-up knowledge on DS out of those simulations. Those interpretations would 
start by simply describing the trajectory components and the evolution of variables along the 
path. The principles of DS energy extraction are somehow difficult to grasp, so a special care 
would be given to analysing those, as they are the real added value of DS flight and therefore 
questions its essence. Different trajectories would be used as case studies to support the 
analysis on energy-extraction mechanisms. The formulation of energy work and powers of 
forces would help to conceptualize the exchanges between the environment and the vehicle. 
The approach would be enriched by considering a simulation within a refined wavy 


environment. 


V.1The 3D Closed-Trajectory 


Among different potential trajectories, the closed loop is of particular interest as the 
vehicle is forced to return back to its initial position, so that the initial and the final state are 
identical. The optimization process is run to derive a closed trajectory which minimizes the 
wind strength required to fly effortlessly, that is to say without any power supplied by the 
vehicle. In the formulation of the optimization problem, periodicity constraints are imposed for 


each state variable. 


It may be possible that such a trajectory does not exist, whatever the wind friction 
velocity is, even very high. In such a case, there is no solution to the problem and DS cannot be 
considered as a viable way to loiter over a fixed location. It may require some adjustments over 
some design variables such as the mass of the vehicle for instance, or alterations of some 


environment variables, such as the surface roughness length. 


Therefore, this approach questions the feasibility for the vehicle to perform a closed 


loop within an environment of positive vertical wind shear gradient of variable strength, as 
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well as provide a support to study variation in total energy during the cycle. It is to mention 
that the energy ratio between the initial state and the final state is 1, therefore the energy 
extracted along the path exactly compensates drag losses and the vehicle can stay aloft by 


repeating the exact same trajectory without the need to provide extra power. 


In the case presented below, in Fig. V.1, the vehicle chosen is Mariner, as it was more 
representative of a mission scenario than the Wandering Albatross. Besides, a virtual payload 
has been arbitrarily added, such that the overall mass is 6.6 kg. Furthermore, contrary to the 
validation case displayed before, the lowest altitude is constrained by a wing-tip clearance limit 
of 50 cm and not net minimum altitude anymore. The load factor was chosen not to be limited 


in this case. The number of time steps is N;=171. 
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Figure V.1: Closed loop energy neutral trajectory obtained for a wing tip clearance of 50 cm, a surface 
roughness length of 3 cm and a wind friction velocity of 80 cm/s, which corresponds to a wind speed of 
11.34 m/s at 10 metres. The trajectory is completed in 20.58 seconds. The wind profile and direction is 
represented by the green arrow. The scale of the vehicle (Mariner) is augmented by a factor 1.5 for better 
visibility. 


The trajectory displayed in Fig. V.1 is the result of the optimization problem explained 
above. It is obtained for a wind friction velocity of 80 cm/s, which corresponds to a wind speed 
of 11.34 m/s at 10 metres. It represents a benchmark regarding the feasibility, for a vehicle, to 
remain effortlessly in the air over a fixed position by using DS. If the actual wind is less than 
the value obtained in this simulation, then some power must be provided by a 6.6 kg-Mariner, 


operating under conditions underlined before, so as to conserve the level of total energy over 
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one cycle. On the other hand, if the actual wind is more that the benchmark value, then the 
vehicle can enter the next cycle with some extra energy. It therefore allows a margin for 
additional manoeuvres, such as travelling in one direction, before repeating the same cycle. If 


the wind is at least equal to the benchmark value, then the endurance is virtually unlimited. 


The optimal closed trajectory consists in an 8-shaped path rather than a simple loop. It 
combines different legs which are characteristic to DS flight. An upwind climb where the 
vehicle climbs straight into the wind, wings level, is followed by a turn from upwind heading to 
downwind heading where the maximal height is reached with a belly exposed to the wind 
attitude and a high bank angle, up to 80 degrees. Then starts a downwind dive, where the 
vehicle returns to wings-level and builds up inertial speed quickly. That is followed by the last 
maneuver, a turn into the wind at almost constant height close to the surface. The two inner 
loops which compose the 8-shaped path slightly differ in amplitude but are identical in their 
construction; therefore we can limit our scope to one loop of the overall trajectory, which 
consists of the four legs mentioned above. A colour scale is applied, in Fig. V.2, to the trajectory 


obtained, to highlight components of the DS trajectory. 
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Figure V.2: Phases of flight are evidenced out using different colours. Blue for the upwind climb, magenta 
for the high turn, cyan for the downwind dive and green for the lower turn. 


Figure V.3 details the variation of different speeds along the path, in order to improve 


the understanding of the way those are associated to the four phases of flight. The wind 
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strength at the vehicle’s altitude is also pictured and gives a direct image of the height of the 


vehicle. 
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Figure V.3: Speeds along the path, correlated to the four phases of flight. 


On the upwind climb, the vehicle starts to pull-up upwind and to climb through a zone 
where the vertical wind gradient is the strongest, since it is the lower part of the path, close to 
the surface. An associated local increase in airspeed can be observed, which is however not 
sustained for long as the wind gradient is not strong enough to allow for a steady airspeed. 
Besides, the rate of decrease in inertial speed gets lower as soon as the vehicle pulls up. This 
seems somehow counter-intuitive as the negative contribution of the weight adds up to drag 
losses as soon as the flight path deflects upwards, creating an even greater negative work 
contribution to the variation in kinetic energy. Hence, it can be deduced that another force 
provides a positive contribution to overcome this influence. Given that only three forces act on 
the vehicle, it can be deduced that the lift gives a positive work contribution during the 


headwind climb. 


The vehicle then performs an upper turn from a windward heading to a leeward 
heading. The inertial speed sharply increases when the vehicle gets pulled by the wind before 
reaching its highest altitude of 29 metres. The rate of increase in inertial speed is significantly 


higher than the rate of increase in airspeed, suggesting that the lift provides a positive 
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contribution to the movement. The airspeed has a smoother variation and reaches a minimum 


at the top of the path, when the vehicle starts to head down. 


The vehicle follows with the downwind dive. The inertial speed keeps increasing for 
some time before reaching a maximum when the vehicle starts the turn against the wind. The 
airspeed sees the combined effects of gain in kinetic energy during the descent and of 
decreasing tailwind as the vehicle goes down leeward through the vertical wind shear gradient. 
The latter effect is strong enough to keep the airspeed increasing after the inertial speed starts 
to reduce. The airspeed maximum is reached when the vehicle stabilizes at a low altitude at the 


end of the dive. 


The last component of the trajectory is the lower turn, where the vehicle turns into 
the wind, from leeward to windward, close to the surface at a constant height, in a zone of 
weak wind. The inertial speed sharply decreases at a much higher rate than the airspeed, 


suggesting that the lift provides a negative contribution during the lower turn. 


Overall, the vehicle manages to perform a non-powered closed trajectory and to 
maintain its energy level between the initial and the final state. It takes advantage of a wind 
gradient that is not strong enough to sustain steady airspeed during the climb, which takes 
aback a common misbelief about DS. Besides, that energy neutral trajectory was achieved for a 
nominal wind of 11.34 m/s at a 10 metres height, which is the minimal wind strength that 


enables an energy neutral closed trajectory. 


From Albatross to Long Range UAV Flight by Dynamic Soaring 100 





t(s) 


Bank Angle(*) 





t(s) 


20 


19 


18 


Lift over Drag ratio 


17 | | | Il 
0 0 10 15 20 


(s) 


Figure V.4: Evolution of C,, @ and C,/Cp over time. 


It can be observed from Fig. V.4 that the bank angle reaches its maximum during the 
two higher turns, first to the right and then to the left. The two lower turns see sharp 
variations in bank angle which occur when the wing tip hits the ground clearance constraint 
limit. Three local maxima can be observed as for C,. In the case pictured, chronologically, the 
first occur at the top of the higher turn, when the vehicles banks leeward at maximum angle. 


The second is at the beginning of the lower turn, when the vehicle pulls-up to get out of the 
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dive at maximum airspeed and start to change heading. The maximum load factor (n = 3.54) is 
reached at that moment. The third local maximum, which is also the lowest by a significant 
margin, is the pull up at the end of the lower turn, when the vehicle starts to head upwards. 


The evolution of the lift to drag ratio is directly dependent on that of the lift coefficient. 


V.2 Energy-Harvesting Mechanisms 


V.2.1 Contributions from Aerodynamic Forces 


Dynamic soaring manages to take advantage of local contributions of aerodynamic 
forces along the flight path by combining specific manoeuvres with respect to the wind field. In 
the case of static gliding flight in still air, airspeed and inertial speeds are the same and only the 
drag contributes to the variation of total energy, as the lift is orthogonal to the direction of 
motion. However, if the vehicle flies through a mass of moving air, variations in total energy, 
in the earth reference frame, will see a contribution from the lift as well. It is to be noted that 
the work done by forces varies with the point of view of the observer. From an earth-based 


point of view, Fig. V.5 shows how forces and speeds orientate during a windward climb. 
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Figure V.5: Orientation of speeds and forces for a 2D-simplified windward climb. The lift is tilted by an 
angle (y; — Yq) towards the direction of motion x; .This entails a positive working component which 
governs the energy extraction. 


It is assumed that wings are level and that airspeed, inertial speed and wind speed are 


in the same plane. The orientation of the inertial speed and of the wind speed induces that the 
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airspeed is not directed along the direction of motion, but forms an angle (7; — Yqj;,) with it. 
Aerodynamic forces are therefore also tilted with respect to the frame of reference ; since the 


lift and the airspeed are orthogonal while the drag and the airspeed are collinear. 


The variation of total energy is only driven by contributions of non-conservative 
forces, that is to say only the lift and the drag. The calculation of the elementary variation in 
total energy takes into account the respective work done by those forces, as presented in Eqs. 


V.1 toV.3. The elementary displacement dl is along x}. 


AE'o¢ = AWnon conservative Forces = 2 F.dl — (L a5 D) OE i) (V.1) 
NCF 
dE ror = [L sini — Ya) — D cos(¥i — Ya)] al (V.2) 
B 
ABeocs = | IL sin(y;— Ya) — D costyi~ Ya)Iedl (vs) 
A 


Therefore, the condition to an increase in total energy is expressed in Eqs. V.4 and V.5. 


Equation V.5 is obtained through some calculations involving Eqs. IV.6 and IV.7. 
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Equation V.5 underlines how the local energy-extraction is sensible to the 
instantaneous lift to drag ratio, which should be as high as possible, and for a large range of C;, 
since the vehicle explores a full range of functioning points during the climb. Moreover, it 
shows the sensitivity of the energy-extraction to both the inertial flight path angle y; and to the 
local wind strength W,. A steep climb into a strong wind represents a favorable case. It should 
be mentioned that for an inertial speed twice the value of the local wind and at a 30° climb 
angle, the lift to drag ratio has to be over 5.7 in order to extract energy, which is easily 


achievable. It can be concluded that any average glider can extract energy during an upwind 
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climb. The very same principles apply to any of the four phases of flight, as aerodynamic forces 
are tilted by the wind speed. Yet, it does not translate into the same conclusion regarding the 


energy-extraction, depending on the attitude of the vehicle with respect to the wind. 


The rate of variation in total energy is expressed in Eq. V.6. The contribution of the lift 
can be simplified to the scalar product between the lift and the wind, as the lift is orthogonal to 
the airspeed vector. The power due to lift is developed in Eq. V.8, where components of two 


distinct contributions can be outlined. 





Tn DPM = E+ DB) VX) a8) 
NCF 
L:Vi=L-‘G+W)=L-W (V7) 
> -—> 1 2 : , . 
Lb-W=->5 pS C, Va" W, (sing sing + cos @ cos Pq sing) (V.8) 


The first corresponds to the case seen before, with wings level (@ = 0). The lift works 
positively when either the vehicle is facing the wind and climbing (Wg = 0 andy, > 0), or 
when the vehicle flies leeward and the vehicle is descending (Ww, =mandy, <0 ). 
Consequently, not only the lift contributes positively to an increase in total energy when the 
vehicle is climbing into the wind, but it does also provide power to the vehicle when it is diving 


downwind. 


The other contribution corresponds to the case where the vehicle flies crosswind in 
such a way that the longitudinal axis of the vehicle is orthogonal to the wind direction, if it is 
assumed that there is no sideslip. Considering the case where the wind comes from the left of 
the vehicle (~, = 7/2), it can be seen that the lift works positively when the vehicle turns 
right (@ > 0), that is to say opposite to the wind. This corresponds to the “belly to the wind” 
attitude of albatrosses described by Pennycuick [41]. Conversely, if the vehicle turns left into 
the wind (¢ < 0), then the lift contributes negatively. The same applies symmetrically when 


the wind comes from the right of the vehicle. 


Those simplified calculations underline that during a closed loop, such as the one 
obtained in Fig. V.1, the lift contributes to an increase in total energy during the upwind climb, 


as well as during the higher turn and also through the downwind dive. The last phase which 
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appears during the loop is the turn into the wind, which sees conversely a negative 
contribution from the lift. It should be noted that those statements remains valid, whatever the 
wind profile W,.(z) is, even if the wind is uniform with no vertical gradients. However, the 
wind profile will determine how those respective gains and losses would weigh in the overall 


energy balance respectively to each other. 


V.2.2 Acceleration in the direction of the wind 


Another way to develop calculations leads to an interesting point of view, linking the 
power due to aerodynamic forces to the acceleration in the direction of the wind. From Eq. V.6, 


a further step of calculation gives Eqs. V.9 and V.10. 


dE -> — — —_? — —_> — 

= (E+): V4) =L-W+d.G+W) (V.9) 
dE a 
as = W, [(L + D).#] -—D.V% (V.10 ) 


The projection of aerodynamic forces on x, in Eq. V.10, corresponds to the acceleration 


of the vehicle along that same axis, such that it yields Eq. V.11. 


dE tot 
dt 





=mW,x-—D.V, (V.11) 


The above equation conveys that the instantaneous rate of total energy is a function of 
the acceleration of the vehicle in the direction of the wind, minus a term due to drag that is 
invariably a loss. Indeed, it should be noted that in Eg. V.10, a component of the drag may 
provide a positive power. Although quite unintuitive, it comes from the fact that the drag, 
which is always opposed to the airspeed vector, can actually have a component in the inertial 
direction of motion, which is in such a case providing positive work. It leaves D .V, as the only 
term invariably negative, therefore corresponding to an unavoidable loss. It should be 
mentioned that, as any instantaneous calculation, Eq. V.11 is not specific to DS, but rather 
applicable to any wind energy extraction technique. Albeit rather interesting from the 
understanding point of view, Eq. V.11 is also convenient as the instantaneous power extracted 
from the wind can be maximized in real time by monitoring the acceleration along the wind 


direction. 
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Equation V.11 can be further developed and combined with air relative EoM in order 
to evidence exact differentials. After some calculation steps, the expression the total energy can 


be integrated out of the power expression, it gives Eq.V.12. 


1 1 
Etot = 5mW," + MWieVg COS Yq + 5MVa" — mgz (v.12) 


It provides an air-based alternative to the calculation of the total energy. 


V.2.3 Overall cycle of total Energy 


If local manoeuvres can be performed in order to extract energy through the 
mechanisms that have been specified, a closed trajectory must however combine a serie of 
those manoeuvres such that the vehicle gets back to its initial position. The set of successive 
manoeuvres is a delicate solution of an optimization problem that compromises the objective 
function in order to satisfy periodicity constraints. For the closed trajectory presented in Fig. 
V.1, the evolution of total energy with time is depicted in Fig. V.6 , together with the source of 
this evolution as it superposes the variation of aerodynamic power input with time. The power 
input displayed on the lower part of the figure can be seen as the source of the variation in 


total energy depicted on the upper chart. 
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Figure V.6: Variation in total energy with time and in the associated rate of energy with time 


As it was anticipated, the lift contributes positively on the upwind climb. The overall 
contribution is also positive and some energy is therefore extracted from the wind during the 
climb. The biggest increase in total energy comes from the higher turn. The drag contribution 
is negligible as the airspeed gets quite low and the lift contribution sharply increases from 2.3 
seconds, when the vehicle gets “belly to the wind” and is being pulled by the wind. The vehicle 
still manages to gain some energy during the first part of the downwind dive but the drag 
quickly builds up as the airspeed increases and it can be seen from Fig. V.6 that the lift 
contribution turns negative as soon as the vehicle starts to bank into the wind. Finally, the 
lower turn is flown at a high airspeed while turning into the wind. The negative contribution 
brought by the lift is clearly noticeable from Fig. V.6 and it adds to significant drag losses to 
produce the highest loss in total energy along the path. 


Overall, it can be seen from Figs. V.6 and V.7 that the energy gained on the three 


segments upwind climb, higher turn and downwind dive is lost along the lower turn. Even 
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though the wind faced at that height is at its lowest value, the lower turn is the major hurdle to 


overcome in order to complete the closed loop while maintaining an objective energy ratio of 1. 
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Figure V.7: Overall energy-harvesting strategy. The energy neutral closed loop trajectory from Fig. IV.1 is 
coloured following a red to green scale as a function of the local power input. Total energy is extracted at 
green-coloured positions and is lost at red-coloured positions. 


It is apparent in Figs. V.6 and V.7 that the loss in total energy occurs during a rather 


limited amount of time and on a small spatial portion of the trajectory, but represents both the 


highest power output and the highest energy variation of any other segment of the trajectory . 


It can be concluded that parameters which may govern the energy loss during the lower turn 


should have a prevailing influence on the overall balance of total energy. 


Another way to breakdown the energy extraction is to consider Eq. V.11, where the 


terms would be called Leeward Acceleration for m W,. X and Air relative Losses for —D .V,. 
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Figure V.8: Variation of power input contributions, with respect to time. 


Figure V.8 globally shows the same evolution as Fig. V.6, with minor disparities, which 
tend to show that the positive contribution from the drag is somehow negligible. It confirms 
that the strongest contribution from acceleration terms comes during the lower turn , when the 


vehicle deflects its path towards the wind. 
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Figure V.9: Variation in power input contributions from the drag, with respect to time. 


Figure V.9 details contributions from power which are broke down into two parts. The 
first, in green is the contribution of the drag to the acceleration in the direction of the wind. 
The second, in red, is the parasitic and unavoidable loss due to the air relative motion of the 
vehicle. Even though, in the present case, the overall contribution from the drag is always 
negative, it can be seen that, for most of the trajectory, the drag contributes to the acceleration 

in the direction of the wind. In theory, nothing hamper the overall drag to be positive, even 


though it requires the wind speed to be higher than the airspeed. It can occur if the vehicle is 
flying backwards, kept aloft by a strong headwind. 


V.2.4 Exploiting Wind Power within the Wind Gradient 


As it was underlined above, the main energy input comes from the upper part of the 


curve, while the biggest losses occur in the lower part of it. It may seem ironical, as DS is 
sometimes referred to as gradient soaring that energy is actually gained where the gradient is 
the lowest and lost where the gradient is the strongest, which is particularly emphasized by Fig. 


V.10. Once again, the energy is gained out of the wind underlying power and the gradient helps 


to combine gains with limited losses in order to achieve a neutral energy performance. 
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Figure V.10: 2-D side view of the closed trajectory. The length scale is identical between the two axes and 
the wind speed scale is adapted for good visualisation. The colour scale is identical to Fig. V.7. 


The section view offered by Fig. V.10 displays the asymmetry that was mentioned for 
the two loops of the closed trajectory. Moreover, it appears that during the upwind climb, the 
inertial flight path angle increase progressively to reach values around 60°during the higher 


turn, which is achieved in a strong inclined plane. Inversely, the lower turn is carried out in an 


almost horizontal plane, as close as possible to the surface. 
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Figure V.11: Top view of one of the two loops, with remarkable points encircled. 
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The main interest of Fig. V.11 is to underline that the maximum power input does not 
occur at the highest point of the trajectory. Although the highest altitude provides the highest 
wind strength, the vehicle extracts energy at a higher rate moments later, when it carries on 
the turn to orientate the lift in the direction of the wind. This latter configuration, dubbed 
“belly to the wind” and detailed earlier, corresponds to the vehicle flying with its longitudinal 
axis perpendicular to the wind (w, = 90°), which is visible in Fig. V.11, and banked to the 
maximum in the direction of the wind. The acceleration in the direction of the wind is then at 
its maximum. A more precise evolution of the variable at stake is displayed in Fig. V.12. The 
reason this configuration is not achieved at the highest point of the path is due to the 
periodicity constraint of the closed trajectory, which imposes that the vehicle recovers the 
ground it loses in the direction of the wind during the energy-extraction. Hence, the highest 


altitude is reached at the northbound extreme of the path. 
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Figure V.12: Evolution of —z ,@ and w,;, during the first half of the cycle plotted in Fig. V.1. The moment 
of maximum power input is highlighted in dashed orange lines. 


V.3 Opening the Loop 


In the case of the open loop, two constraints are relaxed, that is the east and north 
position. Other than those, the problem and its parameters remain the same as before. Because 
the optimization problem is less constrained, it enables the vehicle to explore a wider space of 


solutions and potentially to reach a refined objective function. 
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Figure V.13: Energy-neutral optimized open loop obtained for a 6.6 kg Mariner. The wind friction velocity 
obtained is 64.5 cm.s’, which corresponds to wind strength of 9.14 m.s’ at a height of 10 metres. The 
cycle takes 9.25 seconds. The wind profile and direction is represented by the green arrow. The path is 
coloured following a red to green scale as a function of the local power input. Total energy is extracted at 
green-coloured positions and is lost at red-coloured positions. The scale of the vehicle is augmented by a 


factor 1.5 for better visibility. 


The minimum wind friction velocity required to perform DS flight along an open path 
is 64.5 cm.s ’. It corresponds to approximately a 20 % reduction compared to the open loop. The 
corresponding wind strength at 10 metres is 9.14 m.s’. The vehicle manages to find a solution 
that requires significantly lower wind strength than for the closed loop. Yet, the performance is 
accomplished at the cost of a displacement penalty in the direction of the wind. Over one cycle, 


pictured in Fig. V.13, the vehicle is pulled by 78.5 metres in the direction of the wind. 
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Figure V.14: Evolution of the inertial speed, the wind speed and the airspeed with time. 


Compared to the closed loop, the amplitude of the inertial speed is shallower, while 
the airspeed gets to lower values. The net travelling speed is 14.82 m/s, which would 


theoretically enable the vehicle to cover 427 kilometres within 8 hours. 
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Figure V.15: Variation in total energy along the path, with the associated evolution of power 
contributions over time. 


Although the energy-harvesting mechanisms as well as their combination along the 
path are very much identical to the closed-loop case, the overall power input shows a local 
minimum around 4.5 seconds into the cycle. It corresponds to the point of highest altitude and 
can be linked to the minimum in airspeed reached at the same instant, see Fig. V.14. Indeed, the 
aerodynamic forces, which govern the energy-extraction are limited in intensity at that point of 
the path. The effect is more pronounced than for the closed-loop case because the vehicle starts 
the higher turn well before it reaches its highest altitude, see Fig. V.16, such that the energy- 


extraction is already significant before that point. 
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Figure V.16: Evolution of —z ,gé and w,;, during the cycle plotted in Fig. V.13. The point of maximum 
altitude is highlighted in dashed orange lines. 


Contrary to the closed loop, the configuration “belly to the wind” occurs, more or less, 
at the point of maximum altitude. At 4.47 seconds into the cycle, the altitude reaches 30.13 
metres, the bank angle hits 72° to the left (for a maximum of 72.5") and the air relative heading 
is 83.3", the wind coming almost perpendicularly to the right hand side of the vehicle. This 
analysis is of particular interest as it makes the higher turn very much similar, from the point 
of view of aerodynamic variables, to a simple turn within an inclined plane, in still air. This 


may prove a useful piece of information for the sake of DS control. 
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Figure V.17: Top and zoomed-in view of the open loop displayed in Fig. V.13, where the specific point of 
maximum altitude is encircled in orange. 


The point of maximum altitude is not anymore at the northern extreme, but further 
down along the path, as displayed by Fig. V.17. It illustrates that, for the open loop, the higher 


turn is anticipated significantly before the vehicle reaches its maximum height. 


V.4 Albatross Flight in the Ocean Boundary Layer 


First simulations have established that the classical theory of DS could be applied for 
albatrosses (see Validation Case). Yet, it has been underlined that further refinements from the 
wind model could be rather significant as for their impact on DS flight simulation. Besides, 
several sources report the use of waves by albatrosses [41, 42] out of observation or 
conceptualization of albatross flight. This part aims at assessing the way a refined wind model 


impact DS trajectories, as well as providing a step forward in albatross flight simulation. 
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All along this part, the vehicle model is that of the Wandering Albatross (see Vehicle 


Model) and the wind model refers to terms explained earlier (see Wind Model). 


V.4.1 Realistic Roughness 


A first case was run without wave, but with a surface roughness length correlated to 
wind conditions through Charnock’s model. Other than that, the optimization problem is 
almost identical to that of the validation case, the exception being about the ground clearance 
constraint, which is evaluated at the wing tip and limited to 5 cm. The solution gives a wind 
friction velocity 0.65 m/s, with a corresponding roughness length Zp, of 0.48 mm. The associated 
reference wind speed, at 10 metres is 15.8 m/s. Those values strongly differ from the validation 
case, mainly because the roughness length is calculated using Charnock’s model and not fixed 
at 3 cm anymore. It can be argued that the roughness length could be higher than 0.48 mm, as a 
rather flat surface of a non-developed sea under recent winds has a higher roughness than old 


Waves. 


The wind strength required to maintain the Wandering Albatross in flight is quite 
higher when a supposedly realistic roughness length is taken into account. The literature 
mentions minimum wind speeds around 7-9 m/s rather than 15.8 m/s. This confirms the need 
for further improvements in the simulation in order to fully model, if necessary, the flight of 


albatrosses. 


V.4.2 Influence of Waves 


In order to take waves and the induced wind field into account, the amplitude a of 
waves was increased manually and given as an input fixed-parameter to the solver. It then 
worked towards minimizing u,, within an environment with travelling waves of amplitude a 
and angular frequency w,(u,), and surface roughness length Z)(u,).The amplitude a was then 
compared with the theoretical amplitude of the peak wave, see Eq. III.29, and adjusted by small 
increases. The process was eventually repeated until the two amplitudes were identical, hence 


simulating fully-developed waves under winds blowing at u,. 


The methodology converged to obtain the trajectory displayed in Fig. V.18. It is to be 
mentioned that a further periodicity standard was introduced with respect to the wave motion, 
with same aim to get a cycle identically repeatable. For the case displayed in Fig. V.18, the 
vehicle arbitrarily starts (t=0 s) and stops (t=6.70 s) above the crest of the wave, which is 


materialized by the yellow line. 
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Figure V.18: Evolution of the vehicle above a wave. u+= 0.57 m/s; a= 2.47m; A= 193 m; c= 17.5 m/s. 


It can be observed that the vehicle gains ground towards the wave during the 
downwind dive (t=2.61 s). Hence it begins the lower turn close to the surface (t=3.95 s) ahead of 
the crest, on the forward face of the moving wave, which is the leeward side from a wind point 


of view. Then, the same type of upwind climb as for the open loop is achieved. 


Although the net speed in the y-direction is imposed to be the same as the wave 
celerity c, the vehicle is “free” to manoeuvre between initial and final positions above the crest. 
Besides, it is observed during the convergence iteration process, when the amplitude is slightly 
increased step by step, that those changes are affecting both the trajectory and the minimal 
friction velocity required. The friction velocity varies from 65 cm/s without waves to 57 cm/s 
with waves. The vehicle is therefore getting benefits from the presence of the wave, by flying 
on the forward side which sees a local wind updraft, see Fig. III.15, during the lower turn close 
to the surface. Although this contribution is not sufficient to balance drag losses and therefore 
to gain energy, it can be compared as a superposition of wind-gradient soaring with slope 
soaring, where the slope would be a travelling wave. This result is in accordance with 
observations of birds exploiting waves by flying on the rising side or face [94], and avoiding the 
back side. Cases are even reported of birds exploiting a swell wave, without the presence of 
wind, the uplift from the wave being sufficient to propel the bird. If a higher ratio a/A is met, 


that would increase the latter effect, by providing a stronger slope on the wave side. 


Results from Fig. V.19 are obtained by displacing the initial/final position of the 
vehicle forward, relative to the wave, rather than at the crest. It allows the vehicle to spend a 


greater fraction of the trajectory in the location of local wind updraft. It shows that both the 
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required wind strength and the wind-related amplitude are lowered. Besides, as losses during 
the lower turn are decreased, the vehicle does not need to climb as much as before, and the 
maximal height reduces from 20 metres down to 15 metres and lower, in better accordance with 


on-the-field observations of albatrosses [41]. 
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Figure V.19: From top to bottom, change in periodicity with respect to the wave. 


{a (m); u,(m/s)} = {2.46; 0.57}; {2.25; 0.53}; {2.05; 0.51} 


Even though the required wind strength is lowered to about 12.8 m/s for the bottom 
case of Fig. V.19, this is still rather high compared to what can be expected, such that those 
albatross flight simulations still lack realism somehow. A combination of rougher wave surface 
and deeper waves is probably the link to that ideal. In particular, waves of smaller scale, but of 
slope stronger than the swell wave taken into account in the framework of this study, could be 
significant for albatross flight. Further aerodynamic effects, like flow separation on the leeward 
side of the wave, have been suggested to be exploited by albatrosses [41]. Such induced energy- 
harvesting strategies are quite far down the path of UAV capabilities and have not been 


considered in the framework of this thesis. Besides, ground effect could also have a beneficial 
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influence energy-wise, since it would improve the gliding performance of the vehicle when it is 


close to the surface. 


To sum-up, environment model refinements were integrated into the DS simulation 
model and their influence has been analysed. Although the presence of wave was investigated 
for the sake of general understanding, exploiting those is beyond the current capabilities of 
UAVs. However, it is useful to have a model of the ocean roughness length at disposal and 
quite fundamental to keep in mind that sea-surface roughness lengths are well below the 


centimetre, which may hamper the feasibility to exploit DS over oceans. 
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V.5Summary of Chapter V 





The basic characteristics of DS flight are explicated by using a specific closed- 
trajectory as a support. It is laid out that every trajectory can be decomposed into four phases, 
although their amplitudes may vary, depending on the periodicity constraints that apply to the 
trajectory. From an earth point of view, energy is gained by the vehicle in all phases of flight, 


but the lower turn into the wind, close to the surface. 


The way energy transfers occur is detailed and the prevailing role of the lift is 
explained graphically and analysed analytically. It is responsible for the biggest increase in 
energy during the higher turn but is also accountable for the significant loss during the lower 
turn. By working on the expression of the power from aerodynamic forces, it is laid out that 
the drag can have a component that provides positive work, which is part of a wider resultant 


force oriented in the wind direction. 


Although the overall pattern varies with the trajectory, depending on periodicity 
constraints, it appears that the vehicle attitude towards the air remains roughly unchanged, in 
particular the attitude “belly to the wind” at the top of the curve, which has been described in 
the flight of albatrosses. 


Finally, the simulation of DS is enriched by a refined roughness length model and 
then by the presence of waves, where the wave amplitude is increased step by step until it 
corresponds to the prediction of the model. A particularity concerns periodicity constraints, 
which are established with respect to the wave and not to earth anymore. The roughness 
length predicted by the model considered is significantly lower than what is used in the DS 
literature. The required wind strength obtained for the Wandering Albatross is rather high 
compared to values that could be expected from biology input, even though the constraint of 
ground clearance is set to the minimum. The wave allows for DS flight at lower winds, since 
the vehicle takes advantage of the updraft created on the forward moving face, during its 
lower turn at the vicinity of the rising wave surface. By displacing the initial position of the 
vehicle, relative to the wave, from the crest to further down the wave slope, the vehicle 
benefits from a higher updraft and this lowers again the wind strength required. Yet, the wind 
strength obtained is still rather above values measured on the field, which suggests that 


albatrosses exploit mechanisms that are not represented by the current model. 





From Albatross to Long Range UAV Flight by Dynamic Soaring 


124 


From Albatross to Long Range UAV Flight by Dynamic Soaring 125 


CHAPTER VY | 


NON-[DDIMENSIONALIZATION OF [)S FLIGHT 


The chapter aims at presenting a different approach to gain understanding about DS 
principles, which is more mathematical and equation-focused. The understanding about DS laid 
out so far is based on simulations where the analysis of results is rather distant from that of 
EoM. This can be explained by the fact that multiple solutions exist and that therefore EoM are 
not sufficient to define the problem and its solution. Yet, the analysis of equations could permit 
to disclose some remarkable properties about DS. Besides, simulations obtained so far are 
dependent on the metric used for each variable, such that it is difficult to link ties between one 
simulation and another. There is hence an interest in considering equations and analysing 
simulations through a new system of dimensionless variables. Air relative equations are more 
adequate for this approach as the airspeed is directly a state variable. The associate set of EoM 
is dimensionless using specific reference variables. Simulations are then run, by using the 
unchanged methodology described earlier to support the theoretical analysis of a dimensionless 
set of different equations. Results validate both the non-dimensionalization and the simulation 


methodology, if necessary, as well as highlight interesting features about DS. 


VI.1 Linear Wind Profile 


VI.1.1 Theory 


A first objective is to find an adequate non-dimensionalization of EoM so as to 
highlight some dimensionless coefficients formed from environment and vehicle parameters. 
Eventually, such coefficients would govern dimensionless solutions of EoM as well as DS 


performance, hence shedding a new light on the understanding of DS. 


EoM are dimensionless by introducing some reference parameters, which could very 
well be arbitrary chosen, but would rather be selected such that equations can be simplified by 
gathering parameters into dimensionless coefficients. For the sake of simplicity, a linear wind 


gradient profile will be selected first, where 6 represents the wind gradient (s’), as introduced 
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in Eq. VI.1. It is to be reminded that in the present case, the wind is coming from x, f is positive 


and z is oriented downwards. 


W, = Bz (V1.1) 


In the particular case of a linear wind profile, both the local mean wind speed and the 
local wind gradient are determined by f. From the set of air relative EoM, given in Eqs. IV.35 to 


IV.40, the following non-dimensionalization can be defined [49]. 


_ ££ 
Ya = Na ( VI.2 ) 

2 
(X,Y,Z) = re (x,y, Z) (VL3 ) 
t=ft (VL4) 
a (VL5) 


For any given variable X, the accentuation X refers to the associated dimensionless 


variable, while X, refers to the associated reference value, such that: 


_ xXx 
x= X. (VL6 ) 
Besides, the notation X’refers to the dimensionless-time derivative of variable X. 
, ax dX 
xX = de t. ae (V1.7) 


EoM are thus dimensionless as presented in Eq. V1.8. 


Va =—p VaCp(C,) — SINYVq + Va sin Yq COS Yq COS Wa (VL8 ) 
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, _—. sing . 
Wa = PVC, as tan Yq Sin Wa (V1.9) 
a COS Yq - 
Va = PVC, cos bd — 7 — COS Wq sin* Wa (VL.10 ) 
a 
X' = V, COS Yq COS Wa + Z (V1L.11) 
y= Va COS Yq sin Wq ( VI.12 ) 
Zz’ =—V, sinVq (V1.13 ) 


The dimensionless parameter /p is defined in Eq. VI. 14 


p= pg V1L.14 
=f, Wm i 

2 (mg/S) B? — 
It is to be mentioned that before the non-dimensionalization, control variables are 


already represented by dimensionless values, which are the lift coefficient C, and the bank 


angle @. 


Air relative standard EoM and reduced Eqs. VI.8 to VI.13 represent the same physics, 
but observed with different norms and therefore using differently weighted variables. It is to be 
noted that those equations are not specific to DS flight, but simply describe any in-flight 
evolution of a vehicle, within a linear wind profile. In Eqs. VI.8 to VI.13, the dimensionless 
parameter p is amongst the only parameters, together with Cpg, Cp1, Cp2, Cp3, Cp4 to influence 


equations. 


From Eqs. V1.8 to VI.13, it can be learnt that if two vehicles are in similar state in terms 
of dimensionless variables, at a given instant, if the p parameter is identical between the two 
systems and if control variables follow the same evolution over dimensionless time, then the 


two system would evolve from that instant with the same dimensionless states. 


Two sets of equations would be called equivalents if they can be dimensionless into 
the same form. Comparisons between coefficients, from the dimensionless equations, then 


serve as a standard to assert if the sets are equivalent or not. In the above case, two sets of air 
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relative EoM would be equivalent if, and only if, the two respective p parameters in Eqs. VI.8 to 
VI1.13 are equals (assuming Cpo, Cp1, Cp2, Cp3, Cp4 are identical). In this regard, if m, p, S and B 


vary such that p is constant, then equations would be equivalent. 


Besides, two solutions would be called equivalent if the respective dimensionless state 
variables follow identical sequences over dimensionless time. In the scope of the present work, 
solutions are not entirely determined by EoM, but also show a dependency on control variables. 
Consequently, two equivalent sets of EoM don’t necessarily lead to two equivalent solutions 
since the evolution of control variables could differ between the two. Further conditions are 


required in order to yield equivalent solutions. 


VI.1.2 Dimensionless Optimization Problem 


Essentially, a non-dimensionalization process focuses on rewriting equations in order 
to highlight similarities between solutions without solving equations. Because in the present 
case solutions are not entirely determined by equations, broader aspects of the problem must be 


considered as part of the non-dimensionalization. 


Solutions consist in sets of control variables and correlated state variables. Those are 
determined by solving an optimization problem, which is formed by an objective function and a 
set of constraints, including EoM, dimensionless or not. State variables are correlated to control 
variables through EoM, control variables are piloted in order to satisfy best the objective 


function and both state and control variables abide by further constraints. 


In order to draw similarities between solutions, the focus should not be only on 
invariances among dimensionless coefficients of dimensionless EoM, but also within 
constraints and objective, as seen by dimensionless variables. For instance, the ground 


clearance is simplified to a minimum altitude, through the constraint expressed in Eq. VI.15. 


ZS Zmax (VIL.15 ) 


By introducing the reference length Z,, the constraint is tweaked to Eq. VI.16. 


Zmax 
Zc 





ai (VL.16 ) 
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If the minimum altitude —Z,,,, is kept constant, the above constraint on the 
dimensionless height Z is different with every varying reference length Z,, leading to a different 
optimization problem and therefore to different solutions. Hence, for dimensionless solutions to 
be identical, the minimal altitude must be adapted such that it remains the same proportion of 


the reference length. 


If two optimization problems show identical dimensionless constraints, including EoM, 
and objective, then they will trivially lead to equivalent solutions. In the scope of the present 
part, the equations that are passed to the solver are earth-relative EoM, described in Eqs. IV.23 
to IV.28. Even though this set of equations is practically used to yield solutions, its parameters 
and constraints would be carefully adjusted so that the underlying optimization problem would 


be equivalent as if it was expressed through Eqs. V1.8 to VI.13. 


V1.1.3 Simulation with Identical Wing Loading 


The non-dimensionalization introduced above is tested using a linear wind profile 
[49], for different objective functions. The vehicle chosen for this part is Mariner, described in 
Table Ill-1, but different values of mass and wing area are applied. The aspect ratio is left 
unchanged and it is assumed, for the sake of this study, that aerodynamic coefficients 
Coo Cp1, Cp2,Cp3,Cp4 are unaltered by changes in mass and wing area. Besides, none of the 
associated rate constraints is applied in the following simulations, in order not to burden the 


optimization problem with varying dimensionless constraints. 


First, the objective is to minimize the wind gradient (6, which in this case is equivalent 
to minimizing the wind strength at a given height. The vehicle mass and wing area were varied 
by keeping an arbitrary constant wing loading of 141.6 N/m’, corresponding to a mass of 7kg 


for Mariner. 
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Figure VI.1: Optimal open-loop trajectories, minimizing the required wind gradient f, obtained for four 
vehicle mass, at the same wing loading. For all cases, the wing loading is 141.6 N/m’, the wind gradient is 
B= 0.1076 s' and p= 35.93. 


Identical wind gradient P of 0.1076 s’ as well as identical solutions are obtained and it 
can be seen from Fig. VI.1 that all curves are superimposed. A remarkable result is that the 
corresponding wind strength at 10 metres, or more generally the required variation in 
horizontal wind strength over 10 metres height, is only 1.08 m.s’. Such conditions of wind 


shear do not seem very demanding and may widen the scope of potential DS application. 


In the present case, ( was set free for the solver to run on it which is tantamount to 
letting the solver choose p and alter the set of EoM it will also derive solutions from. 
Unsurprisingly, in accordance with what could be expected out of dimensionless Eqs. VI.8 to 
VI1.13, the solver came out with the same value of p, and therefore in wind gradient f, since all 
wing loadings are equivalent. What can be concluded out of this first simulation is that, in the 
case of a linear wind profile, the wing loading is a parameter of equivalence, which means that 
if two vehicles, with the same aerodynamic polar, have identical wing loadings, then they 


would perform identically by DS. Equations and simulations predict this result in accordance. 
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VI.1.4 Simulation with Various Wing Loadings 


Different wing loadings are subsequently tested with the same objective function as 
before, which is to minimize the wind strength required to fly by DS. In results to follow, the 
vehicle has a fixed wing area S of 0.485 m° and the vehicle mass is changed, hence 
corresponding to a realistic operational case where the same vehicle planform is used to carry 


different loads. Solutions are expected to be different this time. 
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Figure VI.2: Optimal open-loop trajectories, minimizing the required wind gradient /, obtained for four 
vehicle mass, at the same wing area. For all cases, p = 35.93 +/- 0.02. 


It appears from Fig. VI.2 that flight paths are regularly spaced such that they seem to 
be results of a proportional transformation. The light blue curve corresponds to trajectories 
obtained before with constant wing loading, presented in Fig. VI.1. The higher mass goes with a 


bigger amplitude of flight. Further data are summed up in Table VI-1. 
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Table VI-1: Parameters about solutions displayed in Fig. VI.2. 
mg/S “f _ —Z 

Mass (N/m? ) B(s°) Pp (m)- —Zmax Cf (s) 

6 kg 121.36 0.1163 35.903 9.521 0.0131 14.55 

7 kg 141.59 0.1076 35.929 11.384 0.0134 15.69 

8 kg 161.81 0.1007 35.938 12.843 0.0133 16.77 

9 kg 182.04 0.0949 35.945 14.265 0.0129 h/.79 


As expected, the wind gradient 6 was different for each wing loading and is actually 


getting higher for low wing loadings. Hence, for the same vehicle planform, although the 


energy required to maintain a heavier load in the air is higher by definition, the wind strength 


required to fly it by DS is actually lower. This should not conceal that the heavier vehicle still 


climbs higher to benefit from stronger winds. High wing loadings therefore enable the vehicle 


to take advantage of less favourable wind conditions. 


Another important consideration is that the solver comes up with values of 6 between 


the different cases, which entail identical values for 9. The maximum relative disparity for p is 


of the order of 0.1 %. Small variations like this can be explained by the use of a constant number 


of time discretization nodes N;=71, while the total time of cycle is increasing from 14.55 seconds 


to 17.79 seconds, hence inducing varying time step length and different integration error. 
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Figure VI.3: Three dimensional curves, plotted in dimensionless coordinates, obtained by minimizing the 
required wind gradient f, for four vehicle mass, at the same wing area. For all cases, Pp = 35.93+/- 0.02 


Consequently, for a given vehicle with varying wing loading, the optimization selects 
f such that it sets equivalent dimensionless EoM for the vehicle. Indeed, Eqs. V1.8 to VI.13 are 
identical between cases run here, leading to similar dimensionless solutions, as plotted in Fig. 
V1.3. The overall parameter which is ultimately modified by the solver within that process is p, 
whom we know from the non-dimensionalization analysis that it is the only parameter that 
defines dimensionless EoM. In this regard, p can be considered as a benchmark of DS 
performance. The value of p obtained actually represents the maximal value that allows the 
vehicle to fly effortlessly by taking advantage of the wind. For lower values of p, conditions are 
more favourable and allow extra energy-harvesting. For higher values of 9, conditions become 
adverse and some extra energy is required from the vehicle to complete the cycle. The critical 
value of this parameter is actually a function of the only other varying parameters of 
dimensionless EoM, which are the drag coefficients Cpo,Cp1, Cp2,Cp3,Cp4 that defines the 
aerodynamic polar. A higher value of 0 would be obtained with a vehicle that drags less over 


the range of C,, travelled along the path, hence allowing DS flight in more adverse conditions. 
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It can be seen from Figs. VI.3 and VI.4, that the dimensionless variables match in such 
a way that the three dimensional curve of dimensionless coordinates are well superimposed. 
The order of magnitude of the maximum relative disparity is below 5% and it can also be 
attributed to significant variations in time step length. It can be fairly concluded that solutions 


are all equivalent. 
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Figure VI.4: Evolution of control variables over dimensionless time, obtained by minimizing the required 
wind gradient f, for four vehicle mass, at the same wing area. For all cases, p = 35.93 +/- 0.02. 


One can observe from Table VI-1 that even though the lowest curve is reached by the 
lower wing loading case, its minimum altitude is still 95 metres above ground, while the 
ground clearance was much less restrictive and constrained in this case to a fixed minimum 
altitude of 1.7 metres, for all cases. Consequently, even though the optimization problem 
includes non-equivalent constraints as seen from dimensionless variables, variables do not 
reach the limit value and solutions are still equivalent to each other. It shows that non- 
equivalent constraints do not matter on the equivalence of solutions if those are not reached 


during the optimization. 
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Figure VI.4 shows a good match between control variables. The flattened part of the 
C;, curve corresponds to the lift coefficient reaching the maximum as stated in the “no stall” 
constraint. This constraint is equivalent to every dimensionless optimization problem since the 


coefficient of lift is dimensionless. 


Consequently, it can first be learnt that, in the case of a linear wind profile, increasing 
the wing loading reduces the required wind gradient f. Besides, the evolution of 6 with the 
wing loading is such that the dimensionless parameter 9 remains the same. It can be 
interpreted as a benchmark of DS performance, depending only on the aerodynamic 
performances of the vehicle. Higher values of p can be associated with adverse conditions, 
more challenging for a vehicle to exploit. Therefore, refined aerodynamics for the vehicle 
would entail a higher value of p found by the solver for the problem of minimizing the wind 
gradient required. Besides, despite variations in f, the equivalence between dimensionless sets 
of EoM, representative of the different wing loading cases, provides equivalent sets of 
dimensionless solutions. It shows that, in the case of a linear wind profile, variations in the 
wind gradient required to sustain different wind loadings can be predicted by the theory. 
Furthermore, the non-dimensionalization approach is successful in the way that it highlights a 


dimensionless parameter which characterizes the equivalence between DS cases. 


VI.2 Logarithmic Wind Profile 


VI.2.1 Non-dimensionalization of EoM 


The EoM governing the vehicle evolution within a logarithmic wind profile depart 
from the linear wind profile as the local wind gradient becomes a function of altitude and the 
local wind strength a function of roughness length. For a logarithmic profile, the local increase 


in horizontal wind with altitude, or local wind gradient is expressed is reminded in Eq. VI.17. 


OW, u, 1 


ee — (V1.17) 





As it was underlined in Chapter II, an important remark is that the local wind 
gradient is independent from the roughness length. Air relative EoM are developed in Eas. 


V1.18 to VI.23. 
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1 U, 
mV, = — 5 PSCpVa" — mg Sinvg —m 5 7 Sin Ya COS Vq COS Wa (VL.18 ) 
. 1 a Us Va, . 
MV, COS Vq Wa = 3 Stila sing + We ge sin Wa (VL19) 
1 ; Uy Va = 

—MViVq = — 5 PSliVa cos p +Mg COS Yq — 7 COS Wg SiN* Vq (VL.20 ) 

, U, —Z 
x = V, COS Vg COS Wa — pas (=) (V121) 
y =Vacos Yq sin Wa ( VI.22 ) 
Z=—VasinyYg (VL23 ) 


A significant departure from the linear wind profile equations is that the airspeed 
evolution becomes sensible to the altitude, as seen in Eqg.VI.18. It can be physically linked to the 
consideration that the airspeed increase due to the wind gradient is not uniform anymore, but 
depends indeed on the altitude. Besides, the altitude also alters to ability of the vehicle to 
deviate both its air relative flight path and heading. An important note is that none of the air 
relative variable is directly affected by the surface roughness length, such that the air relative 
kinematics is therefore unrelated to the surface state. Only the absolute horizontal earth 
coordinate directed along the wind direction sees a dependence on the roughness length, in Eq. 
VI.21, since the vehicle is carried along the wind direction at a speed that depends on surface 


interactions. 


The principle of establishing the non-dimensionalization based on the wind gradient 
proved successful for the linear wind profile. Therefore, a characteristic wind gradient of the 
wind profile would be sought to serve as an equivalent reference for the non- 
dimensionalization. As the local wind gradient depends on altitude, any given characteristic 
gradient could be associated with a local wind gradient at a certain height. The characteristic 
gradient f, is defined to be the local gradient at an altitude corresponding to the reference 


height Z,, as in Eq. VI.24. 
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_ Us 1 


-_—z 


(V1.24 ) 


Further properties about reference parameters are the same as the linear wind profile 


non-dimensionalization. Those are summed up in Eqs. VI.25 to VI.27. 


— 1 

gJ 

Vo = = 
C B. ( VI.26 ) 
Zo = Vote ( VI.27 ) 








GX 
Bo = u, ( V1.28 ) 
i 
coy (VL29 ) 
u, 
= ( VL.30 ) 
Y 
1 /u,\? 
Le = - (=) ( VI.31 ) 
GX 


It entails the following non-dimensionalization of air relative EoM, described in Eqs. VI.32 to 


V1.37. 





24 = V, 
V, = —pV,Cp(C,) — sinYg - = sin Va COS Yq COS Wa ( V1.32 ) 
, _—, sing 1 
Wa a ra a a ( V1L.33 ) 
A ees COSYq 1 8 
Ya Vee = 4 cos Van Wa (VL34) 


a 
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= i —Z Z¢ 
x’ = Vy COS Yq COS Pq — log ( ( VL35) 
0 
y’ — Va COS Yq sin Wq ( VI.36 ) 
z'=—V,sinyq ( VL37) 


The expression of p includes the expression of the characteristic gradient. 


pg’ 


"2 ang/S) Be? 


( VL38 ) 


Sets of Eqs. VI.32 to VI.34 would be equivalent if parameters p are equal. Sets of Eqs. 
V1.36 and VI.37 would be equivalent in any case. However, for two equations Eq. VI.35 to be 


equivalent to each other, it requires the condition expressed in Eq. VI.39 to be fulfilled. 


ee constant (VL39) 
Cc 


If the objective function of the optimization problem is to minimize the wind friction 
velocity u, , whatever the net azimuth direction is, then the evolution of x does not come into 
play regarding any constraint nor the objective. The relation in Eq. VI.39 can therefore be 
ignored, the wind friction velocity obtained would be independent from the surface roughness 
length, albeit the local wind speed would depend on it. Consequently, all dimensionless 
variables but x would be comparable. Inversely, if the optimization problem refers to an 
objective or a constraint involving the variable x, then Eq. VI.35 influences the solution that the 
solver comes out with. Hence, Eq. VI.35 must be adapted, by validating the condition expressed 
in Eq. VI.39, such that the whole set of Eqs. VI.32 to VI.37 could lead to invariance in 


dimensionless solutions. 


The same remark extents to the other constraints that would involve non 
dimensionless parameters, in particular the ground clearance constraint. Indeed, it has been 
observed that the vehicle tends to fly at the lowest possible altitude during the turn windward, 
in the case of logarithmic wind profiles. So on top of Eq. VI.39, another relation in Eq. VI.40 


must be validated to ensure equivalent solutions. 
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Zmax 
Zc 





= Zmax — constant (VL40 ) 


It is to be noted that Eq. VI.40 must be fulfilled in any case, while some optimization 


scenario can do without Eq. VI.39. 


VI.2.2 Application with Identical Wing Loading 


The sensitivity to mass is tested first, at a constant wing loading, for a problem which 
consists in minimizing the wind strength at a certain height, which is tantamount to 
minimizing the friction velocity. The vehicle mass and wing area were varied by keeping an 


arbitrary constant wing loading of 141.6 N/m’, corresponding to a mass of 7 kg for Mariner. 
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Figure VI.5: Optimal open-loop trajectories, minimizing the required friction velocity for various mass at 
a fixed wing loading of 141.6 N/m’. f =0.0113 for all cases, z) was unchanged at 3 cm. 


A first remark is that the flight path obtained in Fig. VI.5 is fundamentally different to 
that corresponding to a linear profile, displayed in Fig. VI.1. Most significantly, the maximum 
altitude reached by the vehicle is about four times lower and the leeward turn is flattened at 
heights below 5 metres, while it never went under 10 metres in the case of a linear profile. It is 
to be mentioned that the wind strength at 10 metres height is 9.4 m.s’ in the present case while 
it was only 1.08 ms” in the case of linear wind profile. Those considerations confirm, if 
necessary, the predominant influence of the wind field on the overall DS trajectory and on the 


required wind strength. 
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Equations VI.32 to VI.37 suggests that trajectories should be invariant, since 9 would 
have the same value and this is verified with a constant value of 0.0113 for all cases, a 
characteristic wind gradient Bc = 6.068 s” and a reference length z, of 0.2664 metres. The wind 


friction velocity obtained is 66.3 cm.s and the roughness length was left untouched at 3 cm. 


However, it can be observed that trajectories only match for 7 kg and 8 kg and that the 
other masses show significant altered trajectories. Those relative disparities would remain 
when comparing dimensionless coordinates, as the reference length is identical in the four 
cases. Those can be explained by the fact that state and control variables, which govern the 
evolution of the system over time, have sets that are equivalent to each other but with a time 
offset in some case. Indeed nothing constrains the solver to start from different parts of the 
cycle, as the overall solution is equivalent, with no influence on DS performances. The inner 
calculation process of optimization makes the solver choose a different starting point between 
cases. All variables, but horizontal coordinates, are governing the evolution of the system, as 
can be seen in Eqs. VI.32 to VI.37, and are therefore correlated by the same shift in time 
compared to another solution. Horizontal coordinates are set free to be piloted by equivalent 
sets of other variable, which leads to similar trajectories with a horizontal shift respectively to 


each other. 
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Figure VI.6: Evolution of control variables over dimensionless time, obtained by minimizing the required 
friction velocity, for various mass at a fixed wing loading of 141.6 N/m’. p =0.0113 for all cases. 


Figure VI.6 shows the correlation between the evolution of the lift coefficient time and 
the evolution of the bank angle over time. The relative shift would be the same in time or in 
dimensionless time, given that the reference wind gradient is constant. Overall, DS within a 


logarithmic wind profile shows equivalent results for identical wing loadings. 


VI.2.3 Application with Various Wing Loadings 


For a fixed planform of Mariner, the mass is varied arbitrarily from 6 kg to 9 kg, which 
represents different wing loading cases. As it was underlined before, this indeed has an interest 
as it corresponds to an operational case of various loading for the same planform. Yet, this 
study is two-fold and also aims at highlighting a behaviour which could have been challenging 
to unlock without focusing on the non-dimensionalization of EoM. Thanks to this approach, 
the way the required wind strength relates to the wing loading can be anticipated theoretically, 
which it is being validated by means of simulations here. Besides, different wind strength are 
expected, leading to different dimensionless variables so the condition stipulated in Eq. VI1.40 


about adapting the minimum altitude comes into play. It means that in theory, simply changing 
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the wind strength is not sufficient to establish equivalent solutions for various wing loadings. 
None of the constraints expressed involve x, so there is in theory no need to adapt the 
roughness length as well, which was then unchanged at 3 cm. The methodology used here is to 
start with a baseline case and then adapt the minimum altitude imposed. Baseline conditions 
were a mass of 7 kg and a minimum altitude of 1.70 metres. No attention was paid to ground 


clearance conditions, meaning that the bank angle was not limited by wing tip clearance. 
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Figure VI.7: Three dimensional trajectories optimized to minimize the wind strength required, for 
different vehicle mass. p =0.0113 for all cases. 


Some similarities can again be observed, in Fig. VI.7, between curves which seem to 
duplicate each other at a different scale. This is especially visible in the projected curves of 
trajectories in the North-Altitude plane. Just as in the case of a linear wind profile, the highest 
wing loadings correspond to greater amplitudes, reaching greater values in each coordinates. 


Table VI-2 gives some results about those solutions. 
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Table VI-2: Parameters about solutions displayed in Fig. VI.7. 








Mass mg/S = Vo = a x = D 
ity BCS) elm) VO I tau (ma) 

6 kg 121.36 6.9543 0.228 1.497 1.457 0.011306 

7 kg 141.59 6.0681 0.266 1.617 1.700 0.011306 

8 kg 161.81 9.6762 0.304 1.728 1.943 0.011306 

9kg 182.04 9.3916 0.343 1.833 2.186 0.011306 


A first observation concerns the evolution of the required wind friction velocity with 
the wing loading. It is reminded that this evolution does not depend on the surface roughness 
length Z9, which has however influences the wind speed required. When the wing loading 
increases, the required wind friction velocity increases with the square root of the wing loading 


(noted WL in the following expression), as detailed in the calculation detailed in Eq. VI.41. 


lu.lw1, y Who | 
Ra, WL, ( VI.41 ) 


This could be theoretically predicted by theory and can be verified from Table VI-2. In 
order to satisfy equivalence conditions, the minimum altitude is however raised when the mass 
increases such that the increase in wing loading alone cannot explain the increase in wind 
friction velocity. Identically to the case of a linear wind profile, the characteristic wind gradient 
PB. is adapted such that p gets a constant value which is necessary to get equivalent sets of 
EoM. Yet, in the case of the linear wind profile, the wind gradient was directly given by the 
physical model of the boundary layer that was taken into account. In the case of the log profile, 
it is a basically a parameter, directly function of u,, which varies to ensure that sets of EoM are 
equivalent to each other. The fact that the characteristic gradient decreases when the wing 
loading increases, as it would in a linear wind profile case, teaches very few things about the 


physical properties of the boundary layer profile. 
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Figure VI.8: Three dimensional curves of dimensionless coordinates, representative of the evolution 
displayed in Fig. VI.7. 


Figure VI.8 shows that despite the slight offset, curves in dimensionless coordinates 
match quite well. Along the x coordinate (Dimensionless North), the offset that can be observed 
shows that the non-dimensionalization does not lead to an equivalent evolution. Indeed, the 
evolution of X is a function of the roughness length, see Eq. VI.35, and the roughness length 


was not adapted for the dimensionless roughness length to be constant. 


Control variables are all equivalent to evolutions displayed in Fig. VI.6. As a matter of 
fact, optimization problems were rendered equivalent, between cases, through the adjustment 
of constant p by the solver. Hence, sets of control variables were identical to the baseline case 
of m=7 kg, time shift aside. This result has a significant impact on the way DS trajectories could 
be piloted, since control variables could be identical for a wide range of cases corresponding to 


p constant. 


VI.2.4 Non-dimensionalization of Thrust-Powered DS 


The vehicle is able to propel itself via the thrust T, which adds to the control variables 
and modifies Eq. VI1.32 in Eq. VI.42. 
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: 1 U, 
mV, =T- 5 PSC Va" —mg sinYg —m 5 7 Sin Ya COS Vq COS Wa (VL42) 


It can be dimensionless in the form specified by Eq. VI.43. 


2 = V 
V' =T — pVC)(C,) — sing + 5 5inVa COS Vq COS Wa ( VI1.43 ) 


The on board energetics is modelled through the battery state variable Bat, which 


varies due to the power expense from the propulsive system, which is governed by Eq. VI1.44. 


a 


Bat = — 





Norop ( V1.4 ) 


It can be reduced into the form expressed by Eq. VI.45, after the thrust is dimensionless by the 


weight mg. 





Bat’ = — ( V1.45 ) 


Another objective is tested for different wing loadings, but at constant p, in order to 
find solutions that minimize the consumption per unit length travelled. In the case of DS flight, 
the length that is referred to is the horizontal net distance between the start and the end of the 


path. The consumption is expressed and dimensionless under Co, , in Eq. VI.46. 


Baty Baty ae 
Co, = — ——. = —- mg = mg Co, 


— os V1.46 
pr? +97 Jr + UF ee) 


For a given mass, minimizing Co, amounts to a minimum in dimensionless 
consumption Cos. The objective function is dependent on the final northbound position x; 
which itself is a function of evolution of x. The surface roughness length must be adapted, in 


Eq. VI.39, so that the dimensionless roughness length is equivalent in each case. 


In terms of methodology, the same baseline case is used, with a mass of 7 kg, a 


minimum altitude imposed at 1.70 metres and a surface roughness length of 3 cm. From results 
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obtained by minimizing the required friction velocity, u, is then reduced. The lower wind 
strength requires some thrust from the vehicle to manage the full energy-neutral cycle, and the 
wind friction velocity is decreased step by step until Co, reaches an arbitrary value of 0.015, 
without imposing any net heading. Then the same is applied for different masses, ranging from 
6kg to 9kg. For each case, the minimum altitude and surface roughness length are adapted 
such that their respective dimensionless values are the same. Besides, u, is manually adapted 
until Co, hits the 0.015 mark. The non-dimensionalization actually helps to predict what the 
friction velocity should be, by maintaining p the same, in order for optimization problems to be 


equivalent to each other. 


— m=6kg 
— m=7kg 
— m=8kg 
— m=9kg 





80 ae .* _— 60 
“astm re “80 


-40 > 
0 “~~ -100 


Figure VI.9: Three dimensional trajectories optimized to minimize Co,, for different vehicle mass. Co, = 
0.015 and p =0.00952 for all cases. 


Similarities between curves are of the same nature as observed before. Further results 


are summed up in Table VI-3. 
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Table VI-3: Parameters about solutions displayed in Fig. VI.9. 








Mass mg/s Coc ‘C= “4 —Zmax (Mm) Zo (m) p 
(Nim!) ©05—Ggg gt)" mas ' P 

6 kg 121.36 0.015 1.373 1.457 0.0257 0.009518 

7 kg 141.59 0.015 1.483 1.700 0.0300 0.009518 

8 kg 161.81 0.015 1.586 1.943 0.0343 0.009518 

9 kg 182.04 0.015 1.682 2.186 0.0386 0.009518 
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Figure VI.10: Evolution of dimensionless control variables over dimensionless time, for trajectories 
optimized to minimize Co, and for varying vehicle mass. Co, = 0.015 and p =0.00952 for all cases. 








The evolution of control variables is displayed in Fig. VI.10. The dimensionless thrust 
is pictured in order to highlight equivalences between solutions. For all cases, the contribution 
from the thrust is only an impulse, which is due to rate and double continuous constraints 


being ignored. Control variables are well correlated with a time shift between cases. 
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Figure VI.11: Three dimensional curves of dimensionless coordinates, corresponding to Fig. VI.9. 


Higher wing loadings require a higher friction velocity in order to perform at a 
constant specific consumption, which is consistent with results obtained with a non-powered 
vehicle. Friction velocities obtained to get to the same Co, are also responsible for equal p 
between the four results, which validates the non-dimensionalization approach. In the present 
situation, the roughness length has also to be adapted in order to yield equivalent optimization 
problems. Simulation results highlight the equivalence predicted from the theory with great 
accuracy, as the four trajectories are all identical when seen from their dimensionless 


perspectives. 


This final and refined comparison between simulations validates the approach 
undertaken to normalize the equations. Several test cases have been simulated, corresponding 
to different optimization problems. For each of those, simulations validated the similarities 
anticipated by theory, which is a strong assessment regarding the reliability of our 


methodology. 


VI.2.5 Condition to equivalence 


It is assumed that parameters such as the air density or the earth gravitational 
constant are not varying. Rather, following equations sum up the requirements on parameters 
for DS dimensionless solutions to be equivalent. Two separate cases are labelled “1” and “2” in 


the following equations. 
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Let’s assume different wing loadings, whatever variations in mass and in area they 


could relate to. 


(5), 7 (5), (VL47 ) 


The two cases would lead to equivalent dimensionless solutions only if the condition 


expressed in Eq. VI.48 is met. 


(uo [C"/s), 














= ( VL.48 ) 
m 
(u.)4 ( /s), 
Besides, the minimum altitude must be adapted as detailed in Eq. VI.49. 
m 
(Zmin)2 4 ( /s), 
~~ V1.49 
(Zmin)1 (""/c), 
And the same follows with the respective roughness lengths in Eq. VI.50. 
m 
(Zo)2 = ( /s), 
(VI50 ) 








(Zo)1 7 (""/c), 


If above conditions are met, then the induced wind strength Wy at any given height, 


between the two cases, would compare as described in Eq. VI.51. 


: 7s), rs), cud, Cs), 
(Wy )2 = (7/5), (Wy) + 6) 9 omy (VL51) 
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VI.3 Summary of Chapter VI 





This chapter consists in looking at DS flight from a dimensionless point of view, in 
the aim of investigating remarkable properties. Reference values are introduced and related to 
each other to form dimensionless EoM. The approach should not only concern EoM, but the 


overall optimization problem in order to yield consistent solutions. 


Non-dimensionalization is first considered in the case of a linear wind profile. 
Dimensionless EoM display a sensibility to a single parameter /. It is verified that equivalent 
dimensionless solutions are obtained when the wind gradient 6 and the wing loading (WL) are 
adapted such that p is constant. In particular, the WL is shown to be a parameter of 
equivalence regarding the required f. Indeed, if two vehicles, with identical aerodynamic 
polars, have the same WL, they would behave identically as far as DS is concerned. It means 
that the required f is identical and that trajectories can be superimposed. Besides, p can be 
associated to a benchmark of DS performances. There is a maximal value of p which allows for 
gliding DS flight. For values above, the vehicle must provide some power, for values below, 
energy expenditure margins are allowed. An increase in WL leads to a lower required f, as can 
be anticipated by the theory. This result is independent from any aerodynamic consideration, 
but deduced out of dimensionless EoM. Heavier vehicles perform DS flight paths of larger 
amplitude, with higher altitudes to reach stronger winds. Finally, simulations show that the 


required wind shear for DS is rather weak, approximately 1 m.s’ over a height of 10 metres. 


Simulations within a logarithmic profile display flight paths that are much more 
flattened at lower altitudes and require a wind strength close to 10 m.s’ at 10 metres height. 
An adequate non-dimensionalization is found and verified. Yet the adjustment of the minimal 
altitude and of Zp is required to yield equivalent solutions. This has hence little practical use, 
since those parameters relate to operational and environment conditions. Besides, the 
interpretation of 0 as a benchmark of DS performance is no longer accurate as the 
characteristic wind gradient does not bear any particular physical meaning. Still, the 
correspondence between theory and simulations provides a valuable support for validation. 
Besides, it can be anticipated that Z) only influences the required u, if the variable x is 
involved in either the objective function or operational constraints. Hence, as far as air relative 
motion is concerned, Zp does not come into play. Finally, an increase in WL requires a stronger 


u, and therefore stronger winds, which again departs from the linear wind profile case. 
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CHAPTER VY [| 


LDS FLIGHT PERFORMANCES 


In order to investigate the potential scope of DS flight for UAV-typed vehicles, the 
feasibility of DS flight and the related enhancements in performance should be assessed with 
respect to a vast range of variables. It has been established that, under certain conditions, it is 
possible to sustain gliding flight by extracting energy from the boundary layer. However, the 
range of mission scenario that offers this opportunity still has to be determined. The aim of this 
chapter is to investigate variations in DS performance with respect to parameters related to the 
vehicle, the flight path constraints and the environment. First, the study focuses on vehicles, 
with the three UAV designs compared in terms of minimum required wind strength. Because 
variations in mass were indirectly performed in the previous chapter, it is chosen to focus 
rather on the way the ground clearance Gzjeg, and the surface roughness Zg impact 
performances. It is to be noted that aerodynamic ground effects are not at stake here, since 
those are not taken into account. Then, new perspectives in DS flight are investigated by 


considering thrust-augmented trajectories. 


VII.1 Comparisons between UAVs 


Without getting into the detail of varying design variables, as those would alter the 
overall performances of each vehicle, it was rather chosen to apply the optimization 
methodology to each vehicle. Indeed, each vehicle embodies the feasible gliding performance at 
their scale. For this sake, similar conditions for all three cases were obviously adopted. It 
consists in a logarithmic boundary layer profile, with a surface roughness Zg of 1 cm, and a 
ground clearance Gejeg, of 50 cm. Those values are chosen arbitrarily, but are estimated to be 
sound and conservative values that would be adequate to represent the evolution of a UAV 
over an open flat terrain, covered with low grass. The vehicle design variables, as well as 
operating constraints adopted, are those specified in Table III-1, masses are not increased from 
their baseline. Indeed, simulations show that an increase in wing loading, within the 


logarithmic boundary layer, entails a stronger required wind friction velocity, even without 
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equivalence considerations raised by chapter VI, where the minimum altitude is adapted 


Results are presented first and then subsequently discussed. 


VII.1.1 Delair-Tech DT-18 


The first vehicle considered is the DT-18. It provides an interesting support for an 
insight into DS flight with rather small UAVs. The compromise between a reduced span at an 


expense of hampered gliding performances is of particular interest. 
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Figure VII.1: Energy-neutral open loop obtained for the DT-18. It takes 6.90 seconds to complete the cycle 
that is achieved for a minimum required friction velocity of 76 cm.s’, which corresponds to a wind 
strength of 12.80 m.s’ at a height of 10 metres. The vehicle is pictured at a 1.5:1 scale. 


The minimum wind friction velocity required for the DT-18 is 76 cm.s’, which 
represents significant windy conditions, to the order of magnitude of 13 m.s’ at 10 metres 
height. The lowest altitude (1.24 metres) is reached at the beginning of the trajectory, where the 


vehicle is banked at 55° to the left. The overall travelling directions corresponding to this 


trajectory is 142.6°. 
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Figure VII.2: Evolution of the bank angle, the lift coefficient and the load factor with respect to time, for 
the DT-18, for the case pictured in Fig. VII.1. 


The evolution of control variables along the path, together with the load factor, is 
presented in Fig. VII.2. It can be observed that apart from barely hitting the load factor limit of 
3 and the limit of C; around 1.2, the DT-18 does not seemed hampered in its evolution by any 
structural or control rate limits. To eliminate any doubt, the maximum rolling rate was 
augmented from 60°/s to 90°/s, in order to assess the influence of this parameter on the 


minimum wind speed required. No significant improvement was observed. 
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Figure VII.3: Evolution of the inertial speed, the airspeed and the local wind speed encountered by the 
DT-18 along its optimized path, pictured in Fig. VII.1. 


As displayed in Fig. VIIL3, the airspeed along the path is less than 20 m/s, which should 
not pose any problem for the DT-18. 


From Albatross to Long Range UAV Flight by Dynamic Soaring 155 


VII.1.2 Mariner 


The second vehicle is Mariner, which was already used earlier. Still, it is used this time 


with its baseline mass of 2.0 kg and under the same operating constraints mentioned above. 
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Figure VII.4: Energy-neutral open loop obtained for the Mariner. It takes 4.90 seconds to complete the 
cycle that is achieved for a minimum required friction velocity of 56.7 cm.s', which corresponds to a 
wind strength of 9.55 m.s” at a height of 10 metres. The vehicle is pictured at a 1:1 scale. 


The minimum wind friction velocity required for Mariner is 56.7 cm.s’, which 
represents a wind speed of 9.55 m.s’ at 10 metres height. The lowest altitude (1.24 metres) is 
reached at the beginning of the trajectory, where the vehicle is banked at 36.4° against the 


wind. The overall net direction of travel is 140.6°. 


Compared to the DT-18, Mariner offers a significant improvement in the objective 
function. Indeed, it requires lighter wind conditions for Mariner to be powered by DS than the 
DT-18. Overall, the basic cycle obtained with Mariner has much lower amplitude than that of 
the DT-18. Another interesting aspect concerns the minimum altitude reached by Mariner along 
the cycle. It is very much comparable to the DT-18, while the span of Mariner is around 40 % 
larger, which indicates that Mariner, or the point mass that represents it, manages to get closer 


to the surface, relatively to its span. 
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Figure VII.5: Evolution of the bank angle, the lift coefficient and the load factor with respect to time, for 
Mariner, for the case pictured in Fig. VIIL.4. 


Mariner hits the maximum load factor of 3 during the lower turn. It can be deduced 
that a stronger airframe, which can allow for a higher load factor, has the potential to reduce 
further the minimum wind speed required. Besides, the limit in C i» of 0.5 s’ is reached, which 
suggests that enlarging pitch control surfaces could also play a positive role. The rolling rate is 


already at its maximum for Mariner and no further computation is made. 
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Figure VII.6: Evolution of the inertial speed, the airspeed and the local wind speed encountered by 
Mariner along its optimized path, pictured in Fig. VIL4. 


Compared to the case computed earlier for Mariner and displayed in Fig. V.13, the 
vehicle has less inertia and therefore the evolution of the airspeed and the inertial speed are 
further out of phase. It is to be noticed that speeds, either air or inertial-based, are 


comparatively lower than that of the DT- 18. 


VII.1.3 Cloud Swift 


The third vehicle considered is Cloud Swift, which is of significantly bigger scale 
compared to the two previous UAVs. Although the gliding performances of Cloud Swift stand 
out and would obviously play in its favour, it may be hampered precisely by its large span, 
during the lower turn. Beyond the comparison with the two other UAVs, simulations with 
Cloud Swift would provide an insight into DS for UAVs of the upper range. Indeed, at 4.32 
metres of span, the analogy with the albatross may start to fade and it is of particular interest 


to assess whether or not DS can be scaled-up to bigger geometries. 
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Figure VII.7: Energy-neutral open loop obtained for Cloud Swift. It takes 8.12 seconds to complete the 
cycle that is achieved for a minimum required friction velocity of 62.4 cm.s’, which corresponds to a 
wind strength of 10.52 m.s’ at a height of 10 metres. The vehicle is pictured at a 1:1 scale. 


The minimum wind friction velocity required for Cloud Swift is 62.4 cm.s’, which 
represents a wind speed of 10.52 m.s’ at 10 metres height. The lowest altitude (2.06 metres) is 
reached at the end of the trajectory, where the vehicle is banked at 46.2° to the left. The overall 
net direction of travel is 133.6°. The flight path amplitude is the greatest so far, and so is the 


maximum altitude reached. 
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Figure VII.8: Evolution of the bank angle, the lift coefficient and the load factor with respect to time, for 
Cloud Swift, for the case pictured in Fig. VII.7. 


Yet, it can be observed in Fig. VII.8 that both the evolution of the bank angle and of the 
coefficient of lift show piecewise linear patterns. The bank angle hits the maximum rolling rate 
limit, which is quite low at 30°/s for Cloud Swift. Hence, the wind strength required for Cloud 
Swift could be lowered if the maximum rolling rate was increased, all the more as the vehicle is 
hampered by the constraint during most of the cycle. Besides, the coefficient of lift also reaches 


its maximum rate limit. 
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Figure VII.9: Evolution of the inertial speed, the airspeed and the local wind speed encountered by Cloud 
Swift along its optimized path, for the case pictured in Fig. VII.7. 


Since Cloud Swift appears to be rather restricted in its DS evolution, another run was 
performed by increasing the limit maximum rolling rate, first to 60°/s and then to 90°/s. The 
vehicle can reasonably achieve a higher rate of roll, by enlarging aileron surfaces, without 
sacrificing aerodynamic performances or adding too much weight. Besides, the 30°/s limit is 
somehow a conservative value, obtained from the literature [70]. Therefore, the limit in rate of 
roll is increased without modifying any other parameter, in order to unlock the real DS 


potential of Cloud Swift. 
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Figure VII.10: Energy-neutral open loop obtained for Cloud Swift for |p| < 60°/s. It takes 6.01 seconds to 
complete the cycle that is achieved for a minimum required friction velocity of 52.2 cm.s’, which 
corresponds to a wind strength of 8.80 m.s’ at a height of 10 metres. The vehicle is pictured at a 1:1 scale. 


The resulting trajectory is much closer, in its overall aspect, to that obtained for 
Mariner than before. The minimum wind friction velocity is quite lowered at 52.2 cm.s’, which 
represents a 16.35 % improvement from the previous case. The subsequent wind speed at 10 
metres height is 8.80 m.s . The minimum altitude is also lowered to 1.86 metres, down from 2.06 
metres. It is reached at the end of the trajectory, where the vehicle is banked at 39.2° to the left. 
Hence, relaxing the constraint on the rate of roll has enabled Cloud Swift to turn at a lower 
altitude, reached for a reduced bank angle. The overall net direction of travel is 132°. The 
overall flight path amplitude is lowered compared to the previous run and so is the time of 
flight, down to 6.01 seconds from 8.12 seconds. More aggressive banking capabilities translate 


into a narrower evolution. 


A further improvement can be achieved by increasing the maximum rolling rate to 
90°/s. Yet, it is quite marginal as the corresponding wind friction velocity is then 51.1 cm.s’, 
only 2 % better than the 60°/s case. All variables were quite similar in their evolutions and it 


was chosen to only display results relative to the 60°/s case. 
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Figure VII.11: Evolution of the bank angle, the lift coefficient and the load factor with respect to time, for 
Cloud Swift, with a maximum rolling rate of 60°/s, corresponding to the flight path pictured in Fig. VII.10. 


Another limitation arises, as can be observed from the evolution of variables, plotted 
in Fig. VII.11. Indeed, the maximum rate in coefficient of lift is reached again and C, also hits 
the maximum value of 1 for a significant fraction of time, during most of the higher part of the 
curve. This suggests another way of improvement from the baseline design of Cloud Swift, 
which would focus on increasing the maximum C,. Yet, a redesign of the wing section may 
hamper the best lift to drag ratio, such that a first approach could consist in controlling flaps 
deployment, when a high C; is required. This usually occurs at low airspeeds, such that gains 


from the higher C; should easily overcome the penalty induced by the increased drag. This 
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would add a single control variable and would allow to play with different aerodynamic polar 
while keeping a conventional design. It would constitute a promising study case which would 


approach the concept of dynamic flaps deployment. 
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Figure VII.12: Evolution of the inertial speed, the airspeed and the local wind speed encountered by Cloud 
Swift along its optimized path, for a maximum rolling rate of 60°/s, corresponding to Fig. VII.10. 


Compared to the case of restricted roll rate, the new trajectory is flown at a lower 
average airspeed. Compared to other vehicles, Cloud Swift achieves its energy neutral trajectory 


for less favourable wind conditions, which is a significant result that is discussed below. 


VII.1.4 Discussion on Vehicle Performances 


Different results regarding the energy-neutral open loops obtained for the three vehicles are 


summed up in Table VII-1. 


Since Mariner was designed in order to minimize the wind strength required [67], it 
can serve as a baseline case for comparison. A first observation is that the DT-18 is not 
especially suited for DS flight. Indeed, the wind strength required is significantly higher than 


all other cases and variables weren't observed to be limited by any specific rate constraint. 


The maximum altitude reached by Mariner is significantly lower than that of the DT- 
18, 11.8 metres against 17.5 metres. Because of the lower wind strength and the lower altitude, 
Mariner therefore manages an energy-neutral trajectory which requires a lower wind power 
density than the DT-18. It may be correlated to the fact that Mariner needs a lower minimal 


power to be maintained aloft, see Table III-1. 
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Table VII-1: Summary of results regarding the DS trajectory obtained for minimum 
required wind friction velocity. 





DT-18 Niarince Cloud Swift Cloud Swift 





Variable (30°/s) (60°/s) 
u, (cm/s) 76.0 56.7 62.4 52.2 
|Wyelmax (m/s) 13.8 9.8 11.7 9.6 
ty (s) 6.90 4.90 8.12 6.01 
Zmin (Mm) 1.24 1.24 2.06 1.86 
an), 70 % 50 % 48 % 43 % 
a 3 3 3 3 
Caan) 74.8 72.9 60.0 74.4 
Wnet (°) 142.6 140.6 133.6 132.0 


The lowest altitude reached by the DT-18 accounts for 70 % of the span, while Mariner 
manages to reach the same lowest altitude which is only 50 % of its span. The DT-18 is banked 
at a higher angle (55°) at its lowest altitude. It may be interpreted as a way to reduce the radius 
and the amplitude of the lower turn and therefore to limit the parasitic drag losses that occur at 
high airspeed. Our interpretation is that, in the framework of DS, the DT-18 sacrifices too much 
gliding performances for the sake of a reduced size. It has to fly at a rather high airspeed in 
order to be able to reach favourable wind strength at high heights and hence has to bank 
ageressively during the lower turn to avoid losing momentum. This manoeuvre induces some 
performance penalty, due to the windward acceleration during the lower turn, on top of the 


parasitic drag. 


Although different designs could be investigated for small fixed-wing UAVs, the 
deterioration of aerodynamic performances does not shed a promising light on the exploitation 
of DS on rather flat surfaces by very small UAVs. Yet, other environments, where the wind 
shear is restricted to limited areas, such as the leeward side of buildings could inversely favour 


small designs. 


However, at the other extremity of the range, results are rather promising. Once the 
flight path limitations due to rolling rate constraints are fixed, Cloud Swift can actually exploit 
DS for a wind friction velocity 13 % lower than Mariner. It must be nuanced by the fact that 


Cloud Swift reaches a maximum altitude of around 18 metres, while Mariner does not exceed 12 
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metres. Hence, the maximum wind strength encountered is not that different, but still at the 
advantage of Cloud Swift, which encounters a maximum wind speed |W,.| max of ~9.6 m/s at the 
top of the path, while Mariner sees winds of ~9.8 m/s. The wind power density required by 


Cloud Swift is hence lower. 


It does not put the design of Mariner into question as the authors voluntarily limited 
its span to 2.5 metres and imposed that the vehicle could be hand-launched [67]. Still, the 
interpretation of the comparison with Cloud Swift is not especially intuitive since the tentative 
explanation of the lower in-flight required power is not verified in this case. Quite the contrary 
actually, since Cloud Swift requires, for static flight, a minimum power that is more than three 
times that of Mariner, see Table III-1. Therefore, Cloud Swift exploits lighter winds even though 
it requires more power to balance drag losses. So the minimum required power isn’t the driving 
parameter regarding the feasibility to exploit DS. Yet, the right consideration may have to be 
with minimum sink rate, as it is for thermal soaring or slope soaring [95], rather than minimum 
required power. Even though the two quantities are trivially related, the feasibility to exploit a 
thermal is theoretically assessed by comparing the vertical thermal velocity to the minimum 
sink rate of the vehicle. In this respect, Cloud Swift still has an edge over Mariner, with a 


minimum sink rate of 0.39 m.s’ (see Table III-1), against 0.42 m.s’ for Mariner. 


On the lower part of the flight path, the minimum altitude reached by Cloud Swift is 
higher than for Mariner, and accounts for 43 % of its span, compared to 50 % for Mariner. This 
proportion is to be put on the fact that the minimum altitude is the sum of the wing tip 
clearance, imposed at 50 cm, and of the vertical projection of the span. Therefore, an increase in 
span can lead to a decrease in height-to-span ratio, even though the vehicle is banked at a 
higher angle. It happens in the present case, with Cloud Swift banked at 39.2° at its lowest 
point, compared to 36.4° for Mariner. It would be interesting, in further studies, to assess the 
influence of the wing tip clearance on the DS operating advantage of Cloud Swift. Anyway, the 
absolute height, encountered by Cloud Swift during the lower turn, is higher than for Mariner. 
In itself, it represents adverse conditions to DS flight, even though the increased span 


contributes to increase the lift-to-drag ratio. 


To sum up, compared to Mariner, Cloud Swift exploits more adverse conditions (ie 
lower wind friction velocity) along a path that sees lower wind strength at the top of the curve. 
Hence, the increased mass, due to the bigger scale, as well as the minimum height penalty, 
induced by the higher span, can be overcome by refined aerodynamics (higher (L/D) max, lower 


VZmin), Which enables Cloud Swift to maximize the energy extraction at minor parasitic expense. 
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Our results suggest that the DS scope could be enlarged by using UAVs of larger size 
with improved aerodynamic performances. The upper edge of that trend will be reached when 
the aerodynamic benefits of increasing the span are cancelled by the minimum height penalty. 
Besides, since the version of Cloud Swift used is not especially lightly built, using large 
lightweight planforms of the size of Cloud Swift could enable to lift higher payloads by DS. 


VII.2 Variation in DS performance 


VII.2.1 Sensitivity to Surface Roughness Length 


The way the surface roughness length Zp, influences the required wind strength is of 
particular interest as Zp is representative of irregularities of the surface and therefore of the 
type of terrain where the vehicle could possibly exploit DS. Besides, the relationship between 
the net travel heading y,,.;, with respect to the wind, and the wind strength required is also of 


particular interest. 


Therefore, from the baseline case study of Mariner, presented in VII.1, the roughness 
length is altered from its value of 1 cm. A 0.4 mm value is chosen to approximately represents 
the roughness length of the open sea, while 25 cm is representative of high crops. Besides, the 
net travelling direction w,,.; is not set free anymore, but imposed through an added constraint. 
The ground clearance was fixed at 50cm regardless of the chosen roughness length. Figure 
VII.13 displays results under the form of a polar plot. The radius is representative of u,, while 


the angle is given by Wye. 


Some discontinuities can be observed on the polar plot, especially marked on the red 
curve. Those happen because the optimization methodology, from one calculation point to the 
following one, identifies a better family of solutions and suddenly changes many of its 
variables. Such a discontinuity in the objective function, u, in the present case, occurs due to 
the local nature of optimums yielded by the solver. If only global optimums were found, the 
transition between two calculation points could still lead to differences in nature between flight 
paths, but the objective function should be continuous as long as an optimum exists. In the 
current case, variables of the next calculation step are initiated by using results of the previous 
one and then passed to the solver with a 0.5°.variation in the constrained Wy ;.This 
methodology entails solutions that therefore depend on the set of initiated variables, due to the 
local nature of the optimum point, and that hence have the potential to be improved. This 


happens suddenly for a given Wyet, when the solver switches from one family of solution to 
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another. The fundamental difference between trajectories of different families is illustrated in 


Fig. VII.14, where three types of flight path are displayed, each being optimal for a certain 


range of Wnet. 
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Figure VII.13: Evolution of the required friction velocity u, (radius in m/s), with the net travelling 
direction Wyo, for different surface roughness Z. In blue, Z)=0.4 mm, in purple Z )=1 cm (baseline case) 
and in red, Z)=25 cm. Green dots correspond to simulation cases of unconstrained in W,.;, which yield, 
for each value of Zp, , the lowest wu,. 


All three curves of Fig. VII.13 are obtained by starting the iteration in W,,; from 
respective simulation cases of unconstrained w,,.;, marked by green dots. Solutions are then 
obtained by either increasing or decreasing Wye, through the additional constraint. It can be 
observed that all discontinuities correspond to a sudden improvement of the objective function 


in the direction of the iteration in Wy.e,. Going through w,,.; calculations an opposite way 
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would therefore yield different curves at the neighbourhood of the observed discontinuities, 


due to the same effect. 


To sum up on the matter of discontinuities in the objective function, each calculation 
point corresponds to a consistent trajectory that represents a local solution. In the worst case, a 
better optimum than the one actually found is available. Before those discontinuities, relative to 
the iteration direction, the true optimum could belong to the family of curves corresponding to 
the other side of the discontinuity. Each discontinuity can therefore be interpreted as a region 


of uncertainty regarding the true optimum. 


As it was determined by the non-dimensionalization study in Chapter VI, the 
minimum required friction velocity does not vary with Zo. It indeed remains at 56.7 cm.s’, 
regardless of the roughness length, because air relative kinematics remains the same when only 
the roughness length is varied. Yet, in the earth-relative point of view, those trajectories 
translate differently. It can be seen for instance, that the net heading angle which corresponds 
to the minimum wind friction velocity, is shifted leeward when the roughness length decreases. 
Besides, it is all the more difficult for the vehicle to progress against the wind when Zo 
decreases, meaning that the range of feasible w,,.; shrinks leeward when Zp decreases. In Fig. 
VIL13, for a roughness length of 25cm, Mariner can fly in any heading. The required wind 
friction velocity is then minimal for W,,., around 120° and shows a maximum around 23°. Then, 
a new family of optimal trajectories is found and the vehicle manages to progress against the 
wind, for a friction velocity that remains around 69 cm.s”, regardless of Wyert. It should be 
mentioned that if the required net heading is around 23°, the destination can still be reached by 


combining cycles of higher and lower net heading angles that requires lower wind strength. 


As it was mentioned above, the following Fig. VII.14 illustrates the three families of 
optimal trajectories found by the solver. They each correspond to the three continuous regions 
u, = f (Wnet) seen on Fig. VIL13, for Z9= 25cm. The significant disparities in shape between 
the three trajectories explain the discontinuities that can be observed in Fig. VII.13. When the 
vehicle is imposed to travel directly headwind, the trajectory obtained resembles that of the 
closed loop presented in Chapter V, except that there is a small distance gained against the 
wind. It is then feasible to progress directly against the wind, cycle after cycle, at the price of a 


rather small net speed of 0.4 m/s. 
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Figure VII.14: Solution cases corresponding to Fig. VI.13, for Z)=25 cm. Top: net flight path heading 0°, 
directed windward, u,=69.2 cm/s, Vne¢=0.4 m/s. Middle: net flight path heading 120°, minimal u,=56.7 
cm/s, Vne¢=8.0 m/s. Bottom: net flight path heading 180°, directed leeward, u,=58.2 cm/s, Vnep=4.8 m/s. 
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The main result is to highlight that there exists a roughness length which permits the 
vehicle to progress against the wind. Inversely, the vehicle ability to progress against the wind, 
and therefore to fly in any heading on the long term, is highly dependent on the surface 


roughness length. This ability is hampered when the terrain has a lower roughness length. 


VII.2.2 Sensitivity to Wing Tip Clearance 


The issue of minimum ground clearance is of particular importance because it calls 
attention to the antinomic tendency between safe operations and favourable DS conditions. 
Therefore, investigating the influence of the ground constraint on DS performances may help 
to determine a compromise. The same methodology as before is adopted so that from the 
baseline case study of Mariner, presented in VII.1, the ground clearance is altered from its value 


of 50 cm. The roughness length was fixed at 1 cm, regardless of the chosen ground clearance. 


Results are presented in Fig. VII.15. Each of the three curves shows, at their extremum, 
an asymptotic behaviour around certain values of Wyet, where the required u, sharply 
increases to suggest a diverging behaviour. Those values of p,.; correspond to the extremum 
in feasible w,,.; that Mariner can exploit by DS, respectively to each ground clearance imposed. 
The vehicle cannot orientate its net heading further windward of those values. It can be 
observed that the vehicle covers a wider W,.; range when the ground clearance is lower. 
Besides, for each available w,,.;, the required friction velocity is reduced when the ground 
clearance is lower. Furthermore, the net travelling angle that sees the minimum required u,, 


marked by green dots on Fig. VII.15, moves windward when the ground clearance reduces. 
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Figure VII.15: Evolution of the required friction velocity u, with the net travelling direction p,,;, for 
different ground clearance G,jeq,. In blue, Gejeg7=0 cm, in purple Gejeqg-=50 cm (baseline case) and in red, 
Gciear=1 m. Green dots corresponds to the simulation case unconstrained in W,,.;, which yield, for each 
value of Geiegr , the lowest u,. 


This indicates overall that when the vehicle is allowed to fly closer to the surface, it 
can exploit DS at lower wind strength and for a wider range of net travelling angles. Still, even 
when the ground clearance is set to zero, virtually allowing wingtips to touch the surface, 
Mariner is not able to make any headway against the wind. Indeed, the net travelling angle does 


not go below 111°. 


VII.3  Thrust-Augmented Dynamic Soaring 


The study case approached by varying the surface roughness and the ground clearance 


underlines that flying against the wind by pure DS flight requires a combination of high surface 
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roughness and low ground clearance. On top of that, requirements in terms of wind strength 
are sometimes demanding and the likelihood to meet favourable conditions can be assumed to 
be rather low. Rather than expecting a complete provision of the vehicle energy needs by the 
wind; those could be only partially covered by DS flight, while the vehicle would provide the 
rest on its own power. Such a configuration would widen the scope of DS application, by 
lowering requirements related to environmental conditions, while still benefiting from the 
same energy-harvesting principles. A thrust-augmented DS study case is presented before 


exposing some range-improvement charts. 


VII.3.1 Basic features 


The principle of adding thrust (T) as a third control variable is introduced in Chapter 
VI. In the following study, inspired by the baseline case obtained in VII.1 for Mariner in pure 
gliding flight, u, is arbitrarily decreased from the minimum required, 56.7 cm.s’, down to 47.5 
cm.s, so the wind strength is 8.00 m.s’ at 10 metres height The wind friction velocity is not the 


objective function anymore and is determined as an input to the optimization problem. 
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Figure VII.16: Thrust-augmented-energy-neutral open loop obtained for Mariner, achieved within 4.86 
seconds, for u, = 47.5 cm.s’. The pink-coloured dots are proportional, in size, to the intensity of the 
thrust provided by the vehicle. The vehicle is pictured at a 1:1 scale. 


The objective function is to minimize the energy consumption per unit distance 


travelled (Co,), that is defined in Eq.VI.46. The corresponding trajectory is shown in Fig. VII.16, 
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with the variation of the thrust also pictured along the path. The flight path of minimal Co, is 
performed with thrust applied during the climb, with a peak reached at the steepest climb 
slope. The maximal thrust intensity accounts to just under 5 % of the weight. The Co, obtained 
represents only 45 % of ConsoO, jn, suggesting that, under flight conditions specified by Fig. 
VII.16, the range could be more than doubled. 


Subsequent variables, relative to Fig. VII.16, are plotted in Figs. VII.17 and VIL.18. It 
shows the evolution of the thrust with respect to time and relative to other control and state 
variables. It can be observed that the peak in thrust occurs when wings are close to level, in the 


steepest part of the climb. 
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Figure VII.17: Evolution of @, C;, and T with time, for Mariner, along the flight path that minimizes Co,. 
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Figure VII.18: Evolution of the altitude and y; with time, for Mariner, along the flight path that 


minimizes Co,. 
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VII.3.2 Range Sensitivity to the Wind 


Since DS flight is investigated as a way to enhance the vehicle range and endurance 
through the exploitation of wind, it is necessary to compare DS simulations with appropriate 
baseline cases. The approach undertaken in this part is to compare DS-induced performances 
with the nominal range of the vehicle in the presence of wind. Basic nominal performances 
calculations are introduced in Eq. III.4 and Eq. IIL8 for the endurance and the range 
respectively. However, those are valid in still air and one may wonder how those vary with 
wind. Besides, as DS flight requires the presence of wind anyway, it is only consistent to 
compare DS-induced performances with wind-altered performances, before concluding on the 


eventual advantages of DS flight. The vehicle considered here is Mariner. 


It has been presented earlier that endurance is directly related to the minimum sink 
rate of the vehicle. That latter parameter will not be influenced by the presence of horizontal 
wind, which basically means that the baseline maximum endurance of a vehicle would remain 
identical regardless of the presence of horizontal wind. However, the vehicle will be carried 
away by the wind during its flight. So if the endurance performance is required in association 
with the coverage of a specific area on the ground, the conclusion that the endurance does not 
depend on the wind strength is not so obvious. Still, let’s try to address this question without 
calculations, but by conceptualizing a vehicle gliding in the wind. The endurance of the vehicle 
won t be affected if the vehicle manages to sustain its minimal sink rate. This functioning point 
is associated, among other parameters, to a specific airspeed, which would be called the 
airspeed of minimum sink rate. As long as the wind strength encountered is lower than the 
airspeed of minimum sink rate, the vehicle can make headway against the wind while 
maximizing its endurance. Hence, a closed trajectory, with respect to earth, can be flown 
without sacrificing the endurance. The extreme case of this later consideration happens if the 
wind speed is equal to the airspeed of minimum sink rate. In that case, the vehicle can face the 
wind, being motionless with respect to earth. It can be seen from Fig. III.9 that, in any case, the 
speed of minimum sink rate is just above 8 m.s for Mariner, which gives an order of magnitude 
of the maximal wind strength the vehicle can handle without compromising on endurance. It 
can then be concluded that, unless specific cases, the endurance does not depend on the wind 


strength. 


The case of the range is different. It refers indeed to a distance, while the vehicle flies 
with respect to the surrounding mass of air. The following lines detail a methodology that 


provides the functioning point of maximal range, for a vehicle in static flight within a windy 
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environment. A top view of that configuration case is provided by Fig. VII.19, the vehicle is 


flying in a straight line. 


| Wind 





y 


Figure VII.19: Top schematic view of the triangle of speed, between inertial speed, wind speed and 
airspeed, for a given inertial speed heading and a given wind speed. 


The ratio between the distance flown, relative to earth, and the theoretical loss of 


height in gliding flight is expressed in Eq. VII.1. 


Z 2 
Dist ab a iy ( VIL.1 ) 


h Viz 
The vectorial relation between speeds is reminded in Eq. VIL2. 


+W ( VIL.2 ) 


1) 


V;, = 


a 


It breaks down into three scalar equalities, detailed in Eq. VII.3. 


Vix = Vax — Wy 
Viy = Vay ( VIL3 ) 
Viz = Vaz 


By combining Eq. VII.1 and Eq. VII.3, the ratio between the distance flown and the 


corresponding loss of height is expressed in Eq. VII.4. 


7 
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Besides, the equilibrium state is translated into Eq. VII.5, regarding forces involved. 


1 

3-5. C,.V,* = mg cos Yq 

1 ( VIL5 ) 

5P-S. Cy.Vy* = —mg sinyy 

Hence the lift to drag ratio is expressed in Eq. VIL.6. 
Cy 1 
Cr tay, ( VIL6 ) 
The airspeed components relate, by definition, as detailed in Eq. VII.7. 
Vaz = —Va SIN Yq 
( VIL7 ) 


as “1 Ve = Va COS Yq 


By combining Eq. VII.6 and Eq. VII.7, it directly leads to Eq.VIL8. 


Vo + 
Ci, _ aX od ( VIL8 ) 
Cp Vaz 


Hence, be replacing Eq. VII.8 into Eq.VIL4, the ratio between distance flown and loss 


of height is expressed in Eq. VIL9. 








Dist [Sy Wy 2VaxWy 
a ieee = VII.9 
h Cp Vag" Vaz" | : 


Equation VII.9 underlines that, with the presence of wind, the ratio between distance 


travelled and height lost is no longer equal to the lift to drag ratio. Rather, it involves, among 
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others, the wind speed. Yet, the ratio detailed in Eq. VII.9 is directly related to the in-flight 


energy-expenditure, as it is reminded in Eq. VII.10. 





h 
Fexpenditure = Mg * h = mg * Di * Dist ( VII.10 ) 


ist 


The Eq. VII.11 is therefore obtained, specifying the minimum energy consumption per 


unit length travelled, which guarantees the maximal range. 


mg 


CONSOmin = (ist/h) nox ( VIIL.11 ) 


By replacing Eq. VII.9 in Eq. VII.11, the minimum consumption writes down as in Eq. VII.12. 











C es 
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ae + A, ee ( VIL.12 ) 
Vaz Ve 
Max 


In order to maximize the range in the presence of wind, the vehicle must not fly at the 
maximum lift to drag ratio anymore, but rather maximize the expression into brackets detailed 
in Eq. VII.12. Note that if the wind Wy is zero, Eq. VII.12 does well merge into Eq. III.7. The 
result highlighted by Eq. VII.12 is well known by glider pilots, which must adapt their airspeed 
to the wind intensity in order to optimize their range. This also applies when the motion of air 
is vertical, when meeting updrafts or downdrafts, albeit speed components obviously right 
down differently. An application is given by Chakrabarty et al. [96], which focuses on 
exploiting an a-priori map of vertical components of the air using heuristic search. Adapting 
the airspeed to in-flight conditions is part of the problem. In the present case, conditions in 
terms of flight path heading and wind speed are known, the objective consists in maximizing 


the range and is formalized in the Eq. VII.13. 





haan (I Wy’ mt) 
AXlMIzZe —, a VIL.13 
Cp Var Var” ( ) 


It is a relatively straightforward optimization problem, as the airspeed is the only 
variable at stake. A simple methodology to find the extremum is derived in the following lines. 


First, an expression for the x-component V,, of the airspeed is sought. 
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By definition, components of the horizontal inertial speed relate to the inertial flight 


heading angle as given in Eq. VII.14. 


Viy 
tan Wi = V.. ( VII.14 ) 
UX 


Equation VII.15 is obtained by substituting Eq. VIL3 into Eq. VII.14. 


Vay 


t el 
id Vax — Wy 


( VIL15 ) 


Equation VII.16 is given by definition. 
Vee v Va = (Vq cos Ya)’ ( VII.16 ) 


Equation VII.15 and Equation VII.16 form a system with two unknowns, Vj, and Voy, 


summed up in Eq. VII.17. 


(Vax — Wy) tan Yi= Vay 
( VIL17) 


| “ir ine — (Va COS Ya)* 


The x-component of the airspeed can be found by solving the quadratic Eq. VII.18, 
obtained from Eq. VII.17. 


Vax (1 + tan? hi) — Vax 2 Wy tan* wp; + [Wy* tan? p; — (Va cos¥q)?]=90 (vmis) 


Finally, the process to maximize the expression stated in Eq. VII.13 is to iterate 
through discrete values of the airspeed V,. Steps are enumerated as follow. First, for a given 
value of the airspeed V,, the corresponding aerodynamic coefficients at equilibrium are trivially 


computed through Eq. VII.19. 


Cp = Coo Opi, + Cpa + Cpa, CpG, 


m 
IC? + Cp? = —— ( VIL19 ) 
[9 p.S.Vq 
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Then, the corresponding air relative glide angle is computed out of the aerodynamic 


coefficients Cp and C_, as follow in Eq. VII.20. 


D 
(as aa ( VIL.20 ) 
L 


So it directly gives Eq. VII.21, providing the air relative sink rate. 


Vaz = Va SINYq ( VIL21 ) 


The final step is to find V,, by solving Eq. VII.18. Therefore, by knowing V,, and V,,, 
the expression defined in Eq. VII.13 can be estimated. And so on so forth for various iterations 


on the input value of the airspeed V,, until a maximum is reached. 


Therefore, for any given travel heading w; with respect to the wind direction, and for 
any given wind strength Wy, the airspeed corresponding to the minimal consumption per unit 


length travelled can be found. And so is the related consumption. 


This methodology is applied, for Mariner, in a specific case, in order to illustrate the 
influence of Wy and yw; on the achievable range in straight flight. Since the vehicle’s range 
depends on the capacity of its battery, which is undetermined, the ratio between the range with 
wind and the nominal range enables to draw performance comparisons. It can be expressed in 


Eq. VIL. 22. 
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Figure VII.20: Evolution of the range ratio versus the flight heading, for a given wind. Chart obtained for 
Mariner, flying in straight line, under a wind strength of 8 ms’. 


The influence of the wind on the achievable range is clearly depicted on Fig. VII.20. It 
displays that if Mariner flies straight into 8 m.s’-strong headwind, its maximum range would be 
reduced by more than half compared to its nominal range without wind. On the opposite, if 
Mariner flies completely leeward, its range can almost be doubled. The overall “egg-shaped” 
pattern obtained is not a circle, as it would be if the vehicle was flying at a constant airspeed in 
all directions. An interesting aspect of the alteration of range performance can be observed. It 
concerns the case where the vehicle needs to follow a heading on the ground which is oriented 
crosswind, in this case, ~;=90° (or 270°). It can be observed that the associated range is 
significantly reduced, by more than 25% compared to the nominal case. The proper explanation 
is that the vehicle is actually facing the wind to some extent in order to maintain an inertial 
crosswind heading. The airspeed has a component against the direction of the wind, which 


comes at a direct range penalty. A true air relative crosswind flight happens when the airspeed 
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is orthogonal to the wind. In this latter case, the range along the direction orthogonal to the 
wind is unaffected, but the vehicle is also carried away by the wind in the process, which 
means that the overall range is augmented. It happens, in Fig. VII.20, for W;=132° (or 228°), 
where it can be observed that the crosswind component of the range ratio is equal to 1. Stated 
otherwise, it is the only inertial heading that gives the maximum range in the crosswind 


direction. 


Now that the methodology to find the maximum range of a vehicle in straight static 
flight, under windy conditions, is laid down, it can be applied for the sake of comparison with 


DS-enabled range. 


VII.3.3 Range enhancement by DS 


For this last study case, the range in straight line is compared to the range obtained by 
DS, for various heading angles and for several wind speeds. The objective function is still to 
minimize Co;. However, operational parameters were chosen carefully to match potential 
realistic operational conditions. Indeed, the aim is to get to a consistent quantification of the 


improvement DS could provide to the long range flight of a UAV. 


The vehicle is Mariner, with a virtual payload of 2 kg, such that the overall mass is 4 
kg. The surface roughness length Zg=2 cm is chosen in order to match that of an open terrain, 
covered with low grass [76]. The altitude is limited directly through a minimal altitude 
constraint at the centre of gravity, as it is assumed it corresponds to a more realistic operational 
case than monitoring the wing tip clearance. A conservative value of 2 metres was chosen, such 
that even banked to the maximum, Mariner would clear the ground, at its wing tips, by a 
margin of at least 75 cm. Besides, since DS results would be compared to a straight line case, it 
is also necessary to limit the maximal altitude, otherwise the vehicle could opt for unlimited 
heights to seek for stronger winds and the problem would be unconstrained. We decided that 
1000 metres was a fair order of magnitude, for both the upper validity bound of our log-wind 
profile model and the operational altitude of a small UAV. Other than that, all other parameters 


were kept identical. 


The metric plotted consists in the range ratio, defined in Eq. VII.22. Straight line 
results are obtained by applying the methodology applied developed in VII.3.2, with a further 
degree of freedom since the altitude can vary between 2 and 1000 metres. A simple comparison 
loop is used to determine the altitude which optimizes the straight-line range. As for DS results, 


the net heading angle we; is incremented step by step by intervals of 0.2". Variables of the next 
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calculation point are initiated by using results from the previous calculation point, leading to 
potential discontinuities, in the objective function, related the local nature of the optimum 


found, as discussed earlier. 


ENDURANCE RATIO VERSUS NOMINAL CASE 
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Figure VII.21: Variation of the range ratio with respect to the net heading angle, compared to the straight 
line case, for u,=66 cm/s, which corresponds to a wind strength of 10 m/s at an height of 10 metres. In 
green, results from straight line, in blue, results from DS. 


A first simulation is run for a wind friction velocity just below the minimum wind 
strength required for DS gliding flight. To begin with, the straight line case, seen in Fig. VII.21, 
displays the leeward shift that was described earlier. Yet, a variation in curvature can be 
noticed for Wyez ~ £135. It corresponds to the net heading angle at which the vehicle swap 
from a straight line at the lowest altitude to a straight line at the highest altitude. On the 
windward part of the curve, the vehicle flies as close as possible to the surface to get the lowest 


headwind as possible. On the contrary, on the leeward side, the vehicle takes advantage of the 
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strongest possible tailwind to increase its range. Regarding DS results, the range shows a 
significant maximum for Wy,e¢ around 135°, which corresponds to values of the heading angle 
that were minimizing the required wind strength. It hence reinforces the assertion that DS 
flight largely favours flight headings in this area. Besides, it is also the zone that was identified 
by biologists as the predominant travel heading of albatrosses under strong wind conditions 
[29]. At the maximum, the range provided by DS is more than a 1000 times the straight line 
range. It almost diverges because the wind strength is close to that which allows virtually 
perpetual flight. An important aspect is that for windward flight headings, the DS curve merges 
with the straight line curve, suggesting that when heading +45” into the wind, the best option 
is to fly straight, at the minimum altitude. DS proves more efficient than the straight line for 
some flight paths that have a windward facing component. This underlines that DS can be 
beneficial, even in some cases when the flight path has a windward component. The advantage 
of using DS versus straight line in those configurations is not to be underestimated by the log- 
scale applied, as the range offered by DS can be up to 30 % higher. For leeward flight headings, 
even though the vehicle flies at the maximum altitude in straight line, the DS flight provides a 


significant range advantage all the way until w,,.;=+180°, where the two curves join. 
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ENDURANCE RATIO VERSUS NOMINAL CASE 


North 


West East 





South 


Figure VII.22: Variation of the range ratio with respect to the net heading angle, compared to the straight 
line case, for u,=59.4 cm/s, which corresponds to a wind strength of 9 m/s at an height of 10 metres. In 
green, results from straight line, in blue, results from DS. 


When the wind strength decreases to 9 m/s at 10 metres, as displayed in Fig. VII.22, the 
maximum of the DS range shrinks to only 5 times the nominal zero wind range, which is also 
almost 5 times the straight line range. All other aspects of the curves mentioned earlier are 
repeated here, to the exception of flight paths directly down wind, where the DS range is lower 
than the straight line range. This illustrates very well the fact that the optimum found by the 
optimization routine can be local and can therefore be outperformed by a trajectory which is 
also a solution of the optimization problem. Even though DS trajectories merge into a straight 


line, when the flight path orientates windward, it does not happen identically leeward. 
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ENDURANCE RATIO VERSUS NOMINAL CASE 


North 
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Figure VII.23: Variation of the range ratio with respect to the net heading angle, compared to the straight 
line case, for u,=54.7 cm/s, which corresponds to a wind strength of 8 m/s at an height of 10 metres. In 
green, results from straight line, in blue, results from DS. 


For a wind strength of 8 m/s at 10 metres, as presented in Fig. VII.23, the maximum in 
DS range shrinks to around 2 times the range of the straight line and the heading angle of that 
maximum is shifted windward. Overall, DS becomes advantageous over the straight line for 
only ~50 % of the flight headings. Besides, the gap, leeward, between straight line and DS, 


increases. 
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ENDURANCE RATIO VERSUS NOMINAL CASE 
North 
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Figure VII.24: Variation of the range ratio with respect to the net heading angle, compared to the straight 
line case, for u,=47.9 cm/s, which corresponds to a wind strength of 7 m/s at an height of 10 metres. In 
green, results from straight line, in blue, results from DS. 


For a wind strength of 7 m/s at 10 metres, as displayed in Fig. VII.24, the improvements 
in range do not seem high enough, on most of the compass rose, to justify the complexity of DS 
flight. To the exception of flight path near wW,.+=+120", where DS trajectories still manage 


around 50 % better range compared to straight line. 


From Albatross to Long Range UAV Flight by Dynamic Soaring 188 


ENDURANCE RATIO VERSUS NOMINAL CASE 
North 
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Figure VII.25: Variation of the range ratio with respect to the net heading angle, compared to the straight 
line case, for u,=41.06 cm/s, which corresponds to a wind strength of 6 m/s at an height of 10 metres. In 
green, results from straight line, in blue, results from DS. 


For wind strength of 6 m/s at 10 metres, as seen in Fig. VII.25, the difference in range 
between straight line and DS is marginal and do not justify the use of DS on any heading of the 
compass rose. An interesting aspect at leeward headings is that the DS curve finally merges 
with the straight line curve. The DS optimization process indeed yields a straight line at the 
maximum altitude for those headings. The subsequent discontinuity in the DS range curve 


confirms the local nature of the optimum before it merges with the straight line curve. 
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VIIL4 © § Summary on DS Performances 





It is first demonstrated that DS is potentially feasible for a wide array of vehicle size, 
with yet significant disparities in required wind strength. It is established that larger vehicles 
could benefit from less favourable conditions. Even though no specific driving aerodynamic 
parameter is outlined, aerodynamic refinements of larger vehicle enable to overbalance their 
induced mass and wingspan penalties. Ideally, lightweight architectures of small wing span, 
low sink rate and high lift to drag ratio would favour DS flight. Practically, some of those 
properties are antinomic and the compromise appears to favour larger vehicles. This result is 
somehow encouraging from an application’s perspective, yet there must be an upper scale to 
that trend and limitations of the point mass model certainly arise when the scale of the 


wingspan becomes comparable to that of the wind gradient. 


As for variations in DS performance, a specific focus is given to two governing 
variables: the ground clearance and the surface roughness length Zp). The ground clearance 
directly affects the required wind strength and the array of feasible net travelling angle Wy ez 
towards the wind. A reduced ground clearance lowers the required u, and widens the range of 
feasible w,,;. Yet, for Zg=1 cm and zero tip clearance, flight headings are still limited such that 
making headway against the wind is not possible. As for Zg, in confirmation with the theory 
from Chapter VI, it does not affect the minimum required u,. Yet it changes the earth-relative 
motion of the vehicle: a rougher surface enables to exploit DS for lower wind speeds and for a 
wider scope of Wnez, eventually leading to DS opportunities all around the compass rose. 
Therefore, DS performances are intrinsically linked to surface characteristics and sea-surface 


conditions are challenging to exploit. 


In order to widen the range of favourable DS conditions, thrust was added as an extra 
control variable. The wind hence only contributes to a fraction of the vehicle’s energy needs. 
When thrust is applied during the upwind climb, the vehicle can take the most out of its 
propelling work by reaching stronger winds. The advantage of DS flight is assessed by 
comparing DS-enabled-range and _ straight-line-range. Significant improvements can be 
achieved by DS, even when the wind is 30 % lighter than previously required, but there are 
significant variations with Wye. Range enhancements are possible even when heading against 
the wind, but when u, decreases, the advantage of DS reduces and becomes limited to values 


of Wyet Where DS is most efficient, around 135°, in accordance with albatross observations 
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(CONCLUSION 


The present work has focused on providing an in-depth analysis of DS flight, by 
detailing the methodology, the understanding and the performances associated with DS 
simulations. It completes past studies on DS by investigating further many multidisciplinary 
aspects associated with the topic and by its intention to give shape to a consistent and 


extensive overview of DS challenges. 


Summary of findings 


An extensive review of the engineering inputs from albatross biology studies is 
undertaken in the first Chapter. Although many publications on DS mention some aspects 
related to the albatross flight, this part aims at gathering in a single document all the pieces of 
information that can raise interest and guidance out of the observation of albatrosses. Then this 


literature review is extended to publications in the domain of in-flight energy extraction. 


A methodology is set up in order to adequately model the flying system and its 
environment. In particular, the choice of a point mass model for the vehicle is explained and is 
quantified for one of the three geometries chosen, through a wind tunnel testing campaign. 
Besides, a methodology to relate wind and ocean surface state is extensively detailed, which 
constitutes a first step towards conciliating wave soaring with dynamic soaring. The main 
contribution from this part is to underline that realistic ocean surface roughness lengths are an 
order of magnitude lower than what has been considered in DS literature so far. Only shallow 
wave trains are considered, representative of a well-developed swell and the hypothesis behind 


the model are developped. 


Equations of motion are derived by beginning to underline the significance of the 
point of view considered. Both earth-relative and air relative systems of EoM are derived before 
selecting inertial equations for the remaining of the methodology. An optimization problem is 
set up, laid out in its structure before a particular focus is given to numerical integration 
techniques required to convert the underlying problem. Collocation methods are presented step 
by step, by highlighting the underlying mathematical hypothesis. The induced parameter 
optimization problem is detailed and numerical values for operational constraints are given for 


each vehicle. The solving methodology and the associated tools are presented with a brief 
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description of their mathematical background. The problematic of variable initiation and of 
local optimizer is introduced, to be reminded for results obtained. Eventually, a trajectory of 
similar conditions as in the literature is run before validating the methodology thanks to the 


analogy obtained. 


A specific closed-trajectory is produced to highlight the loitering potential of DS flight, 
as well as to serve as a support for developing an understanding of energy-harvesting 
mechanisms. Local power input expressions are established for various contributions and 
explained in their variations, before integrating those along the whole flight path into evolution 
in total energy. A particular focus is given to wind energy exchange within the boundary layer. 
Periodicity constraints are partly relaxed to get to an open loop which combines the same 
phases of flight as the closed loop. Then a specific study case that optimizes DS within the 
wavy ocean boundary layer model is established. It shows that the methodology of DS flight 
simulation can be applied to a three dimensional moving wind field to produce trajectories that 
associates classical DS with a kind of slope soaring on the forward moving face of wave. The 
positive contribution from the wave updraft is detailed and changes in wave phase periodicity 


are performed. 


Fundamentals of DS flight are then approached by non-dimensionalization of the air 
relative EoM. First with a linear wind profile, as inspired from the literature, then by achieving 
for the first time a non-dimensionalization with a logarithmic wind profile. Several objective 
functions are tested and a thrust-augmented case is introduced. Conditions to equivalences in 
dimensionless solutions are given. On top of providing a strong support for validating the 
simulation methodology, the approach permits to highlight certain remarkable behaviour about 
DS, such as the sensitivity to wing loading and the invariance of the minimum required wind 


friction velocity with the roughness length. 


Then, the focus was given to flight performances by DS. The three different vehicle 
architectures are tested under identical operational constraints, before concluding that the 
planform of the biggest scale is the most promising for maximizing the likelihood of DS flight. 
Then, the influence of the net heading angle, the ground clearance and the surface roughness 
length was established for DS gliding flight. It leads to the conclusion that favourable 
conditions for DS flight over a wide range of heading angles are difficult to meet. Hence an 
alternative is presented by assisting thrust-powered flight with DS. The evolution of that third 
control variable is detailed before DS range charts are produced and compared against the case 


of straight line case. 
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With the benefit of hindsight, this project managed to outline a methodology that 
successfully simulates DS flight. It shows to be rather robust and can accommodate varying 
constraints and objectives. One of the strongest assumptions is the choice of a point mass 
model, which imposes that the operational constraints linked with the vehicle dynamics are 
artificially imposed rather than modelled. Besides, this model reaches its limit when the length 
scale of the wind gradient gets similar to that of the vehicle. This may happen especially during 
the low turn, when the vehicle is banked at low altitude within the zone of strong shear. 
Furthermore, the initiation of variables, before passing the problem to the solver, is also critical 
and may lead to different solutions. It requires a careful approach and eventually a guess of 


what the solution may look like. 


Then, mechanisms of energy-harvesting are properly understood and thoroughly 
detailed. The work of aerodynamic forces is the main parameter at stake and the DS flight path 
is a cycle that orientates those forces successively such that gains overbalance losses. The 
upper turn is the main contributor to the energy gain, through the attitude belly-to-the-wind- 
attitude that sees a strong acceleration of the vehicle in the direction of the wind. The lower 
turn is all the more critical as it concentrates the biggest losses. As such, the minimum altitude 
allowed is a key parameter since it directly impacts the wind strength opposed to the vehicle. 
The wind gradient does not alter the local work of aerodynamic forces but plays a role when 
the vehicle kinematics is integrated over the whole flight path, as it introduces disparities in 


wind strength between the top and the bottom of the trajectory. 


Finally, variations in DS performances were quantified against variations in vehicle 
design, ground clearance and surface roughness length, before drawing DS-induced range 
performance charts. A first conclusion is that practical flight applications are favourable for a 
lightweight planform of bigger scale than the albatross, with refined gliding performances. A 
second result is that unless very rough terrain is met, with close ground clearance margins, the 
scope of DS is limited to certain flight headings with respect to the wind. Hence, one approach 
to cope with such limitations is to introduce thrust-augmented DS, where the vehicle provides 
only a fraction of the energy it requires to stay aloft. Results show that the range can be 
improved for a wide range of flight path headings, for winds that are lighter than those 
required for pure gliding DS flight. 
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Perspectives 


Given that even thrust-augmented DS requires rather demanding windy conditions in 
order to stand out performance-wise, the challenge of future DS research is to find solutions 
that lower the required wind strength and hence widen the scope of exploitable environment 


conditions. As such, several direction of research can be followed. 


e Investigate the vehicle planform optimized for lowering the required wind 
strength to exploit DS, without a-priori limitations regarding the vehicle 
design, in order to yield the absolute lowest wind strength exploitable, given 
state of the art designs. Orientate the design towards a planform of bigger 


scale than the albatross. 


e Integrate further refined control behaviours, by investigating the potential 
advantage of active flap deflection. Since the vehicle is defined by an 
aerodynamic polar, morphing the polar along the flight path has obvious 
promising prospective, and a simple and known way to do so is to introduce 
flap deflection. Besides, ground effect would also influence the aerodynamic 
polar at low altitudes and it would be interesting to weigh the influence it has 
on DS trajectories by implementing a simple model of ground effect. Also, the 
theme of regenerative soaring can be approached by first investigating the 
influence of a thrust which can be negative, in order to model in-flight energy 


recuperation. 


e In the case of DS within a turbulent boundary layer, develop an objective 
function which integrates DS inputs of various frequencies due to different 
wind contributions. Hence, augment classical DS within the mean wind profile 
of the boundary layer with gust soaring contributions that benefit from the 
stochastic turbulent behaviour of the boundary layer. It would be essential to 
model the influence of a local span-wise variation in wind strength on the 
flight dynamics and energetics and hence move to a six-degree-of freedom- 


model to fully investigate its influence. 
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e Approach DS within various wind shear regions to benefit from stronger wind 
gradients or from a linear spatial variation. As for the first case, DS on the 
leeward side of a hill, or a building, may benefit from a stronger wind shear, 
without the inconvenience of very close ground proximity. As for the second 
case, it is shown in Chapter VI that a linear wind profile could be exploited for 
much lower wind speeds. An environment where this happens and is rather 


predictable is the so-called jet stream. 


Another area requires further research in order to conclude on the feasibility to 
perform DS for a UAV. The demonstration would be indeed completed when a proper vehicle 
manages to autonomously exploit DS trajectories and when the subsequent energy-harvesting 
mechanisms are measured and validated. To that extent, several directions of research can be 


outlined. 


e Propose a flight control strategy that uses only limited a-priori knowledge of 
the wind field, together with in-flight wind measurements and ground 


proximity sensors in order to autonomously pilot DS trajectories. 


e Apply the state of the art DS methodology within a stochastic turbulent 
boundary layer to assess the influence of gusts on the flight path for 
unchanged flight controls and quantify the influence on the energy- 
harvesting. Conclude on the feasibility to apply the current DS strategy to the 


real-world. 


e Finally, set-up an experiment using a well-quantified platform over an open 
field covered with regular low grass, such as an airfield. The vehicle has to be 
equipped with the appropriate airspeed and GPS sensors to be able to 
reconstruct the local wind speed. The experiment can be guided by a human- 
pilot at first, that approximately reproduce DS flight path, and then the 
guidance should be left to an auto-pilot in order to validate the flight path 
strategy. A robust design should be chosen, as the close ground proximity 
would likely induce accidental collisions until the ground clearance constraint 


is well integrated into the flight path management. 
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